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Caminante, no hay camino,
se hace camino al andar.
Caminante, no hay camino,
sino estelas en la mar.
(Antonio Machado)
Summary
The development of multicellular organisms is dependent on the tight co-
ordination between tissue growth and morphogenesis. The stereotypical
orientation of cell divisions has been proposed to be a fundamental mecha-
nism by which proliferating and growing tissues take shape.
However, the actual contribution of stereotypical cell division orientation
(SDO) to tissue morphogenesis is unclear. In zebrafish, cell divisions with
stereotypical orientation have been implicated in both body axis elonga-
tion and neural rod formation, although there is little direct evidence for a
critical function of SDO in either of these processes.
Making use of extended time-lapse, multi-photon microscopy and a careful
three-dimensional analysis of cell division orientation, we show that SDO
is required for neural rod midline formation during neurulation, but dis-
pensable for body axis elongation during gastrulation. Our data indicate
that SDO during both gastrulation and neurulation is dependent on the
non-canonical Wnt receptor Frizzled 7 (Fz7), and that interfering with cell
division orientation leads to severe defects in neural rod midline formation,
but not body axis elongation.
These findings suggest a novel function for Fz7 controlled cell division ori-
entation in neural rod midline formation during neurulation. They also
shed new light on the field of cell division orientation by uncoupling it from
tissue elongation.
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1
Introduction
1.1 Overview of zebrafish development
The use of the zebrafish (Danio rerio) as a model organism began some 30 years ago
and has increased progressively since then. George Streisinger and colleagues began
the genetic analysis in the zebrafish and founded the methodological bases that allow
its use as a vertebrate model organism [111, 135]). The increasing use of zebrafish
embryos as a model organism demanded an accurate description of the first stages of
the development of this fish. This was successfully provided by Charles Kimmel in 1995
in great detail [63]. These are summarized in Fig. 1.1. Here we will shortly describe
the stages of development most relevant to the study presented in this thesis, namely
gastrulation and neurulation.
1.1.1 Early stages and mid-blastula transition (MBT)
After fertilization and the early cleavage stages, in which cells divide in a fast, syn-
chronous manner, the number of blastomeres increases up to 512 cells, which are located
animally on the yolk cell. At this point a series of cellular changes occur, collectively
called the ‘mid-blastula transition’ (MBT). At this point zygotic transcription starts,
the cell cycle becomes longer and the first cell movements become apparent. The onset
of MBT is controlled by the volume ratio of nuclei to cytoplasm [59, 31, 83] of cells,
similar to the situation in frogs and flies. At MBT, three distinct cell populations can
be distinguished:
1
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• Enveloping cell layer (EVL), which is derived from the most superficial cell from
the blastoderm and form an epithelial sheet of one single cell layer thick.
• Yolk syncitial layer (YSL), which origins from the fusion of the vegetal blastomeres
with the underlying yolk cell. This initially forms a ring of nuclei located just
beneath the blastoderm.
• Deep cells (DEL), located between EVL and YSL. The large majority of the
proper embryonic cells are deep cells. At this stage, fates of the blastodermal
cells are not determined and only a rough fate map can be drawn shortly before
gastrulation begins.
1.1.2 Gastrulation
Gastrulation in zebrafish spans over the period of 6 hours, wherein the cells need to un-
dergo a set of morphogenetic movements that will place the di!erent germ layers (ecto-
meso- and endoderm) in their correct position, thereby laying out the initial body plan
of the developing embryo. It is a central process during development, since the cor-
rect functioning of adult organs depend on the cells conforming them being correctly
specified. The process of gastrulation is very well conserved across species. Zebrafish
embryos are an exceptionally suitable system in which to study the cell rearrangements
involved, since they are optically clear and experimentally accessible during all stages
of early development.
The first cell movement apparent in the developing zebrafish embryo is epiboly –
the spreading and thinning of the blastomeres over the yolk cell–. Epiboly also com-
prises a thinning of the mass of cells by radial cell intercalation, in which cells from
the upper and lower layers of the blastoderm intermix in an in-to-out manner, thereby
extending over the big yolk cell (reviewed in [77]). The EVL does not undergo radial
intercalation. It is attached to the yolk cell membrane at the margin and moves over
it towards the vegetal pole of the embryo. The progression of DEL and EVL over the
yolk cell is referred to as ‘% epiboly’.
At 50% epiboly, when the blastoderm has reached the equator of the yolk cell, the
deep cells along the whole margin –and slightly earlier at the dorsal side– begin to
2
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internalize and migrate towards the animal pole of the embryo. This event marks the
onset of gastrulation. The internalization is much more prominent at the dorsal side,
where the so called ‘embryonic shield’ structure will appear. The shield is the func-
tional equivalent to the dorsal blastopore lip of amphibians and the node in mammals
and birds, since it can organize a secondary embryonic axis when transplanted into a
host embryo [50, 87]. At the end of gastrulation, the whole yolk cell is covered by the
blastoderm and the antero-posterior (AP) and dorso-ventral (DV) axes can be distin-
guished. A more detailed explanation of gastrulation is givEn in section 1.2.
Shortly after completion of gastrulation, neurulation starts. In zebrafish, the onset
of neurulation is the convergence of left and right sides of the neural plate towards the
dorsal midline, followed by invagination of the neural plate to form a neural keel that
then condenses to form a solid neural rod [88, 64, 22]. This process and its control
are explained in more detail in section 1.3. After gastrulation and concomitant with
neurulation, the embryo is further patterned and extended during the segmentation.
Segmentation is characterized by the formation of somites, precursors of the body mus-
culature. Concurrently, the organ rudiments become visible and the embryonic tail is
formed by the extension of the tailbud. One day after fertilization (1dpf), the ‘pharyn-
gula stage’ starts, during which the embryo undergoes embryogenesis. Between 2 and
3dpf the larva hatches and begins to swim and starts to eat at 5dpf.
1.2 Control of gastrulation movements
Gastrulation is the process by which the three germ layers (ecto- meso- and endoderm)
are specified, and it is highly conserved process across species. It facilitates the inter-
nal organization and the external shape to developing animals. During the course of
gastrulation, precursors of the three germ layers are repositioned from the surface of
the blastula. Mesoderm will be placed between the internal endoderm and the over-
lying ectoderm. Moreover, the body plan is laid out and both antero-posterior (AP)
and dorso-ventral (DV) axes are apparent at the end of the process. In the follow-
ing sections, we will describe the three main –and evolutionarily conserved– types of
morphogenetic movements.
3
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shield   6 h   8 h   75% epiboly   10 h   bud   
dome   4.3 h   5.7 h   germ ring   
1 cell   20 min 16 cells   1.5 h 1000 cells   3 h
6 somite 12 h 14 somite 16 h 24h 48h
adult72h
Figure 1.1: Early zebrafish development - Drawings of di!erent developmental stages
from the 1 cell stage to the swimming larva. Stages are named after anatomical features
and developmental age at 28 !C. Modified from drawings of C. Kimmel. [63]
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A
shield
B
bud
C
10 somite
*
*
Figure 1.2: Gastrulation movements in zebrafish - At shield stage (A), epiboly
movements (red arrows) have made the blastoderm cover half the yolk cell (grey). Inter-
nalization starts (green arrows) all around the germ ring, however more prominently on
the dorsal side (to the right), forming the shield structure and specifying the hypoblast.
Convergence (blue arrows) of cells from both sides of the embryo to the dorsal side and
extension (yellow arrow) lengthens and narrows the embryonic axis in the animal/vegetal
direction. At bud stage (B), epiboly is finished and convergence is less prominent. Exten-
sion of the body axis continues and the tailbud starts to be apparent (asterisk). During
segmentation stages (C), the embryonic axis continues to elongate and narrow.
1.2.1 Epiboly
Epiboly is the first morphogenetic movement that occurs in the developing embryo,
and it is characterized by the spreading of the blastoderm and YSL cells over the
yolk cell. Epiboly begins at the late-blastula stage (!3hpf) and ends at tailbud stage
(10hpf), when the yolk cell is completely engulfed by the blastoderm. At the onset of
epiboly (!4hpf), the blastoderm consists of a mass of cells sitting on the yolk cell. The
blastoderm thins considerably by radial intercalation and the yolk cell bulges or ‘domes’
into it, towards the animal pole at the dome stage (4.3hpf). Subsequently, EVL, YSL
and deep cells begin to move coherently towards the vegetal pole. The di!erent cell
populations fulfill di!erent roles in the process. In zebrafish, convergence movements
of nuclei within the YSL are guided by mesoderm and endoderm progenitors migrating
along the surface of the yolk towards the dorsal side of the developing gastrula [18].
5
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1.2.2 Internalization and hypoblast formation
When epiboly has progressed to cover about 50% of the yolk cell, the first deep cells
are induced to become mesendodermal progenitors at the margin of the blastoderm.
This forms a thickening around the whole circumference of the blastoderm, known as
the ‘germ ring’ [133]. Germ ring formation coincides with the deceleration in epiboly
of cells at the margin. The cells move over the margin towards the yolk cell and
form the hypoblast layer. Studies using two-photon confocal time-lapse microscopy
have revealed that single hypoblast cells delaminate at the margin of the germ ring,
close to the yolk cell, [76], supporting the ‘ingression model’ –the coherent migration of
individual cells– [120] over the ‘involution model’, which describes the inward movement
as a cohesive sheet of cells becoming the hypoblast [28, 133, 141], which is what occurs
during amphibian gastrulation. The ingression of cells has been shown to be cell-
autonomous as shown by single cell transplantation experiments [14].
In conclusion, the current consensus for gastrulation initiation proposes that hy-
poblast cells ingress as single cells in a locally coordinated way, giving the impression
of a flow cells.
1.2.3 Convergence and Extension
Convergence and extension (CE) movements are the combined cell migration processes
that lead to the narrowing (convergence) of a tissue in one dimension and its lengthening
(extension) in the perpendicular dimension. These movements occur in both epithelial
and mesenchymal tissues during embryogenesis and organogenesis of invertebrates and
vertebrates, and they play large roles in shaping the body plan during development.
Examples include germband extension in Drosophila [52], nematode body axis elon-
gation [92, 137] and elongation of the dorsal axis of ascidians [75], fish species [133],
amphibians [13, 62] birds [103] and mammals [98]. CE movements can be considered a
combined phenomenon called, in this case, ‘convergent extension’. This is the case of
the frog gastrula, in which CE movements are simultaneous and interdependent. In ze-
brafish, however, convergence and extension seem to be genetically separable processes
[82], as shown by the no tail and somitabun mutants, in which convergence is impaired,
but extension continues largely una!ected [36].
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CE movements are usually complemented with a very specific type of cell migration.
Cells from both sides of the extending tissue intercalate with each other at the midline,
where they have met at the end of the convergence phase. This so called medio-lateral
intercalation occurs perpendicular to the direction of elongation and is characterized
by the elongated shape of the cells as well as by their high protrusive activity in the
direction of intercalation. CE is strongly controlled by the noncanonical Wnt/PCP
pathway. This is explained in more detail in section 1.4.2. For a schematic illustration
of CE movements in zebrafish, see Fig. 1.3.
Medio-lateral axis and Time
An
te
ro
-p
os
te
rio
r a
xi
s
A
B
C
Figure 1.3: Convergence and extension movements in zebrafish - (A) Schematic
showing a group of cells located at the forming notochord of a zebrafish embryo at 9.5hpf.
Red arrows show convergence movements, in which cells at the dorsal edges of the tissue
migrate to the dorsal side. Cells are mediolaterally elongated. (B) The same cells at
10.2hpf. While convergence movements continue narrowing the tissue, certain extension is
already apparent (orange arrows). The more lateral cells (dark green) have intercalated
mediolaterally between each other. (C) The same cells at 11hpf. By this time, the noto-
chord is already a narrow, long structure only a couple of cells wide. Images of the top
row are taken from [36]
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1.3 Neurulation
The formation of the own nervous system and, ultimately, of the own brain is a challenge
for every organism. The mechanisms and strategies facilitating the formation of the
central nervous system (CNS) appear to be conserved across species, similar to the
gastrulation movements described earlier.
Here we focus on the process of neurulation –the formation of the neural tube–.
Abnormalities in this process can lead to severe neural tube defects that can drastically
a!ect the nervous system functions and can lead to mortality. The nervous system
arises from the ectoderm, which also gives rise to other cell types and structures, such
as neural crest cells and external structures like skin, olfactory and mouth epithelium,
and the eyes.
The neural plate is a sub population of the dorsal ectoderm that is specified to be-
come neuroectoderm. The neural plate will give rise to the neural tube by neurulation,
and an embryo that is undergoing this process is called neurula. Neurulation can be
achieved in two di!erent ways: during primary neurulation, the neural plate cells
proliferate, invaginate and form a hollow tube, whereas in secondary neurulation
the neural tube is derived from a solid neural chord that is formed by mesenchyme
cells, which coalesced together. Figure 1.4 shows a schematic of both processes. In
general, the anterior part of the neural tube is made by primary neurulation, while the
posterior part is made by secondary neurulation. These two tubes then join to form
the mature neural tube. In Xenopus [40] and zebrafish [24], only the tail neural tube is
formed by secondary neurulation. The genetic basis for neurulation in zebrafish is not
yet well understood. However, due to its rapid development and the optical clarity of
its nervous system when compared to other organisms, make the zebrafish an advanta-
geous candidate to study neurulation. Section 1.3.1 describes primary neurulation as
observed in the anterior part of the zebrafish neurula.
1.3.1 From a neural plate to a neural tube
The zebrafish neural plate is an epithelial sheet of cells that are held together by
junctional complexes. It is essentially di!erent from the more loosely associated mes-
enchymal tissue present in the more posterior part of the forming neural tube. Primary
neurulation comprises the folding, rolling over or bending of this epithelial sheet into
8
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neural plate
Initial epithelium
Columnarization
Rolling/folding
Closure
Neural tube complete Neural tube complete
Epithelial transition/cavitation
Medullary cord/neural rod
Dispersed mesenchyme
Mesenchymal condensation
Primary neurulation Secondary neurulationA B
Figure 1.4: Schematic of primary and secondary neurulation - (A) Primary neu-
rulation involves the columnarization of a pre-existing epithelium (blue), which then rolls
or folds (see Fig. 1.5) into a neural tube. (B) Secondary neurulation involves the conden-
sation of mesenchyme (brown) to form a rod, which then hollows to form a neural tube.
Adapted from [68].
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a tube-like structure. Figure 1.5 shows a schematic of the di!erent strategies. Di!er-
ent vertebrate species undergo di!erent processes, and astonishingly, the same animal
can make use of either one of these strategies at di!erent developmental stages or at
di!erent antero-posterior locations of the neural tube. Several studies have analyzed
zebrafish neurulation using fate-mapping, time-course serial sectioning and confocal
time-lapse imaging in vivo.[35, 64, 88]. However, only the anterior-most region of the
neural trunk has been carefully analyzed. The events that lead the neural plate to form
a neural tube are described chronologically:
1. The neural plate has been described as an epithelial sheet of cells that form a
cohesive tissue that moves uniformly and in an ordered manner. Lateral edges of
the neural plate appear to thicken as they converge to the dorsal, medial region.
This convergence movements makes the cells in the center ‘sink’ to form the neural
keel.
2. The neural keel is a solid mass of cells in which the midline is can be morpho-
logically distinguished from the rest of the tissue [35]. Importantly, it is formed
by a pseudostratified columnar epithelium on either of its sides, and it is better
seen when the keel condenses into a neural rod. The two apical surfaces of both
epithelia facing each other at the center give the midline an apical identity.
3. The midline of the neural rod is the location where the lumen of the neural tube
starts to open. This process is initiated ventrally and proceeds all the way up to
the dorsal side.
In zebrafish, the cells at the neural keel and rod stages, prior to lumen opening,
have the ability to cross the midline [35] at a frequency much higher than that observed
in Xenopus [25] and chick [68]. This raises the question whether these cells have, in fact
a more mesenchymal than epithelial identity and whether we are actually facing a case
of secondary neurulation instead of primary. Despite the disorganized appearance of
the neural keel/rod, the midline is always apparent. This, together with the fact that
epithelial cells during certain stages of development can have some of the mesenchymal
characteristics (and vice-versa), makes neurulation in zebrafish to be qualified as a
primary neurulation process.
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Figure 1.5: Strategies to form a neural tube by primary neurulation - Top row
shows the neural tube at the open stage. The flat neuroepithelium can roll into a neural
tube (A), bend bluntly at one (B) or several (C) hinge points, or form a solid rod of cells
(D). Adapted from [68].
1.3.2 C-divisions
Several studies have observed a certain type of cell division. These cell divisions produce
daughter cells that will be integrated in opposite sides of the midline. Kimmel and col-
leagues first observed them in 1994 [64]. They determined that this bilateral separation
of daughter cells and therefore the crossing of one of them to the contralateral side from
when the mother was located is produced by division 16 and exceptionally division 17,
but never later. By division 17, the neural rod has condensed to its maximum and the
neural tube starts to hollow. By division 18, the neurocoele would impair the crossing
of cells from one side to the other. Other studies have confirmed the presence of this
kind of division [35, 26] and two recent studies unraveled the molecular mechanisms
and the function of these ‘midline-crossing divisions’ (C-divisions) in formation of the
midline itself.
Ciruna and colleagues showed in 2006 that polarization along the antero-posterior
axis of these cells prior to division is required, and that Wnt/PCP signaling is re-
sponsible for such polarization [22]. They used a candidate approach to identify Van
Gogh-like2/Strabismus (Vangl2/stbm) as a key molecule involved in this process. They
showed that maternal and zygotic trilobite mutants (MZtri), in addition to classic con-
vergence and extension defects in the neural plate, lose antero-posterior polarity in
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neural progenitors and fail to re-integrate daughter cells in the contralateral side of the
neuroepithelium. This ultimately leads to defects in midline formation, in this case the
formation of two ectopic midline structures in lateral sides of the folding neural plate.
A second very interesting and elegant study by Tawk and colleagues in 2007 [116]
showed that this convergence defect is, in fact, responsible for the defects in midline
localization, and that C-divisions happen in a normal way in MZtri mutants, but in the
wrong location. They argue that the delay in convergence cause the cells to undergo
cell division 16 in more lateral locations, instead of at the center of the folding neural
plate. This creates two populations of cells undergoing C-divisions that give rise to two
ectopic, more laterally located, midlines.
1.4 Wnt/Planar Cell Polarity (Wnt/PCP) signaling
1.4.1 PCP in Drosophila
The Planar Cell Polarity (PCP) signaling pathway was first described in Drosophila
melanogaster as being responsible of establishing a polarity within the plane of an ep-
ithelium, orthogonal to its apical/basal polarity. The first and one of the best examples
of this phenomenon was described by Gubb and Garcá-Bellido in 1982 [42]. They used
the adult wing as a model tissue, although other systems have been used in Drosophila,
such as the abdomen, the eye and the bristles of the notum. There are two phenotypic
features of PCP signaling that are important:
• Cells align with each other, therefore cooperatively aligning their individual po-
larities.
• This alignment of polarity occurs in a specific orientation with respect to the
tissue or organ axes, indicating the existence of global cues.
The components of PCP signaling in Drosophila can be grouped in three modules
according to their function. There is still debate as to how and to what extent these
modules interact with each other. Here we will describe them briefly. Table 1.1 shows
a summary of the most important PCP components and Figure 1.6 shows a model of
how the modules act to establish planar polarity.
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Figure 1.6: A modular model of PCP - Red arrows depict the linear model, in which
the global module acts through the core module, which in turn acts at a tissue-specific level.
Wing cells are depicted in both wt (left, correctly oriented wing hairs) and PCP-disrupted
tissue (right, randomized wing hairs). The bypass model (green arrow) suggests that the
global module can act independently from the core module, creating a signal that can be
interpreted by the tissue.
1. A global directional cue that links direction of polarization and tissue axes.
Components of this module include the atypical cadherins Fat (Ft) and Dachsous
(Ds) and the protein Four-jointed (Fj), which resides in the golgi. Their function is
to translate tissue-wide transcription gradients into subcellular gradients. Mutant
phenotypes include cells that are capable to polarize in respect to their neighbors
but fail to acquire a global polarity within the tissue.
2. A core module responsible of maintaining subcellular asymmetries. It consists of
proteins that accumulate at cell boundaries, recruiting a group to the distal side
and another to the proximal side, mutually excluding each other. This achieves,
in combination with the e!ect of the global module, a polarization across the
tissue and in respect to it. Members of this module are the seven-pass transmem-
brane protein Frizzled (Fz), the multi-domain Dishevelled (Dsh), the Lim do-
main protein Prickle (Pk), the four-pass transmembrane Vang Gogh/Strabismus
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(Vang/Stbm), Diego (Dgo) and the atypical cadherin Flamingo/Starry night
(Fmi/Stan).
3. One or several tissue specific e!ector modules, downstream of 1. and 2. that
produce morphological asymmetries in the tissue. For example, growth of a dis-
tal hair in the wing requires specific recruitment of e!ectors to both distal and
proximal sides of the cell that control actin polymerization and bundling.
Component Gene product or function Reference(s)
Fat (Ft) Atypical cadherin [71, 51, 70, 19, 67]
Dachsous (Ds) Atypical cadherin [67, 19, 70, 51, 2, 23]
Four-jointed (Fj) Type II membrane protein, Golgi lo-
calization
[125, 147, 70, 51]
Frizzled (Fz) Seven transmembrane-pass do-
mains, Wnt receptor
[126, 127]
Dishevelled (Dsh) DIX, PDZ and DEP domains [118, 65]
Prickle (Pk) LIM and PET domains [43]
Van Gogh/Strabismus
(Vang/Stbm)
Two (at least) transmembrane-pass
domains
[140, 117]
Diego (Dgo) unknown [32]
Flamingo/Starry night
(Fmi/Stan)
Seven transmembrane-pass domains
and cadherin repeats
[123, 21]
Table 1.1: PCP components in Drosophila - List of PCP components and the pub-
lications where they have been described and/or mentioned.
1.4.2 Wnt/PCP in vertebrates
The branch of the Wnt pathway, related to planar cell polarity pathway in Drosophila,
is responsible not only for the planar orientation of tissues during vertebrate devel-
opment, but also for a wide variety of morphogenetic processes [132, 128, 113]. In
vertebrates, both molecular and genetic approaches first uncovered this branch by
identifying mutants with shorter body axis or an open neural tube. In vertebrates,
the so-called noncanonical Wnt/PCP pathway is involved in processes that require the
coordination of cell polarity and cell cohesion within a cell population. Processes like
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CE, directed cell migration, neural tube closure, ear hair cell orientation, ciliogenesis
and hindbrain neuron migration are among the processes controlled by Wnt/PCP. Re-
cently, Wnt/PCP has also been linked to human birth defects and diseases, such as
polycystic kidney disease [96, 33].
Identification of the vertebrate Wnt/PCP pathway
The large-scale mutagenesis screens conducted in the early 1990s in zebrafish brought
attention to several mutants that showed a shortened body axis often accompanied by
a fusion of the eyes at pharyngula stages. No other major defects in morphogenesis
were detectable. These mutants were positionally cloned by the early 2000s, and this
revealed how closely related they were to the Drosophila PCP pathway. They were
silberblick, (slb encoded by wnt11 ), pipetail, (ppt, wnt5b), trilobite, (tri, vangl2 )[56]
and knypek, (kny, glypican 4 )[47, 110].
Functional data from Xenopus using mutant forms of some of the PCP components
– a mutant form of Disheveled (Dsh or Dvl) and a dominant-negative form of Wnt11
(dn-Wnt11)– had shown that they were responsible for the correct elongation of the
body axis, and this suggested the existence of a vertebrate PCP pathway. In addition,
it has been shown that fine-tuning the amount of Dsh in the cells has a strong e!ect in
the polarization of cells undergoing mediolateral cell intercalation during Xenopus CE
movements [130].
Later, there were several candidate approaches aimed to identify the rest of the
Xenopus and zebrafish homologs of other core PCP genes in flies. These studies
confirmed that this cascade has a central role in the regulation of CE movements.
Components identified included frizzled 7 (fz7 ), prickle (pk), flamingo (fmi) and its
vertebrate homolog celsr, diego (dgo) and its vertebrate homologs diversin (div) and
inversin (inv), vangl2 and glypican 4.
Study of mouse neurulation also revealed the existence of a Wnt/PCP pathway in
mammals related to that in flies. The main studies started in the 1950s with mice
that exhibited defects in neural tube development, like Looptail (Lp), which fails to
undergo neural plate closure. The Lp locus was identified as an homolog related to
stbm/vang in Drosophila and it was therefore named Vangl2. Circletail (Crc) also
showed similar neural tube defects and genetically interacts with Lp. This locus encoded
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Scribble (Scrb). The third locus identified in mice was Crash, which encoded Celsr1,
the vertebrate homolog of the atypical cadherin Fmi.
There is also an important conservation of the core members between Drosophila
and vertebrates. However, there are some di!erences. For instance, Wnt ligands have
not been identified in flies. A summary of the most important Wnt/PCP core compo-
nents in vertebrates is given in Table 1.2. Figure1.7 shows a hypothetical model of how
Wnt/PCP signaling acts during vertebrate CE and neurulation.
Pk
RhoA
Celsr
Fz7Vangl2
Scrb
DIX PDZ DEP
Dsh
Wnt11
Rok
Actin cytoskeleton
Daam1
Rac
?
?
Inv
Wnt5
Ror2Cthrc1
JNK
Target gene
papcConvergence 
& 
Extension
Glypican 4
Figure 1.7: Model for Wnt/PCP pathway during CE in zebrafish and Xenopus
and neurulation in mouse - Hypothetical model composed of at least three major
streams mediating CE. In the first stream, in the center, the secreted ligandWnt11, possibly
aided by glypican 4, binds the receptor Fz7 and activates Dsh. Daam1 utilizes the PDZ
and DEP domains of Dsh to activate RhoA and Rok to activate the actin cytoskeleton.
Daam1 can also activate Rac, which in turn activates JNK. JNK can also be activated by
the second stram (right side of the model) in which Wnt5 binds the receptor Ror2 and
activates JNK. JNK, subsequently, transcriptionally activates the protocadherin papc, a
functional mediator for CE. The third stream (left side of the model) includes the other
core components. It is unknown whether they facilitate the Wnt-Fz-Dsh stream or directly
regulate the cytoskeletal machinery. Inv facilitates the first stream. It is likely that the
components of the third stream act individually in the other two streams, rather than in
a linear pathway. Adapted from [113]
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Component Gene product or function Reference(s)
wnt11/silberblick (slb) Secreted Wnt glycoprotein [49, 114]
wnt5b/pipetail (ppt) Secreted Wnt glycoprotein [93, 47]
Vangl2/trilobite (tri) 4-pass transmembrane protein [110, 29, 41, 89]
Disheveled (dsh/dvl) DIX, PDZ and DEP domains [108, 12, 46, 5]
Frizzled 7 (Fz7 ) 7-pass transmembrane protein, Wnt re-
ceptor
[30, 139]
Prickle 1/2 LIM and PET domains [15, 124, 115]
Celsr1/2 7-pass transmembrane protein, atypical
cadherin
[34, 27, 16]
Diversin Ankirin repeat protein [105]
scribble sca!olding protein [81, 80]
Table 1.2: Wnt/PCP components in vertebrates - Regulators of the Wnt/PCP
pathway during vertebrate gastrulation/neurulation and a selection of the publications
where they have been described and/or mentioned.
E!ectors and modulators of Wnt/PCP in vertebrates
The sca!olding protein Dsh/Dvl acts in the Wnt/PCP pathway through its PDZ and/or
DEP domain. Daam1, a formin-homology protein binds Dsh through the PDZ and DEP
domains and activates RhoA upon binding to it. It regulates Xenopus CE movements
by the activation of RhoA and Rac. Daam1 could not be identified in flies as a member
of the PCP pathway.
Downstream of Wnt11 and Wnt5b, there is a specific activity of the Rho family
of small GTPases in the regulation of CE. Studies in zebrafish and frog have shown
that Rok2 acts through Wnt11, while Wnt5a utilizes the Jun N-terminal kinase (JNK).
This pathway may imply the transcriptional activation of target genes such as papc.
Other e!ectors (homologs of the downstream mediators of the fly PCP) identified in
fish and frog include inturned (in), fuzzy (fy) and misshapen(msn). However, func-
tional analyses of these genes suggest that they are unlikely e!ectors of the core PCP
proteins during gastrulation. Table 1.3 summarizes these and other e!ectors described
in vertebrates.
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Component Gene product or function Reference(s)
Daam1 Formin-homology domain protein [44, 45]
RhoA Small GTPase [44, 45, 72]
Rho kinase 2 (Rok2 ) Serine/threonine kinase, RhoA e!ector [72]
Jun N-terminal kinase
(JNK )
Serine/threonine kinase [143, 101, 86]
int Putative PDZ domain [90]
fy 4-pass transmembrane protein [90]
misshapen (msn) STE20-like protein kinase [66]
paraxial protocadherin
(papc)
Protocadherin [74, 122]
Table 1.3: Wnt/PCP e!ectors in vertebrates - E!ectors of the Wnt/PCP pathway
during vertebrate gastrulation/neurulation and a selection of the publications where they
have been described and/or mentioned.
Asymmetric localization of PCP proteins during gastrulation and neurula-
tion
One of the main features of PCP proteins in Drosophila is that they need to be asym-
metrically localized within the cells in order to achieve a polarization of the plane of
the epithelium.
In vertebrates, Prickle (Pk) was the first component reported to be asymmetrically
localized. During zebrafish neurulation, it accumulates in punctae at the animal side
of the mediolaterally elongated cells of the neural plate [22], a behaviour already ob-
served in the notochord of ascidians [57]. Also, during late gastrulation, mediolaterally
elongated notochord cells exhibit anteriorly localized Pk and posteriorly localized Dsh
[144].
However, the mechanisms by which these two components acquire this AP polar-
ization are not known. It is also unknown what is their relation with the cellular
machinery (e.g. Golgi, microtubule organizing centers, focal adhesions). Similarly, it
will be necessary to elucidate whether the asymmetric localization of PCP components
is one of the causes or a consequence of the morphological polarization of the cells in
which it is observed.
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Other functions of PCP during vertebrate gastrulation
PCP is responsible of orienting the cell divisions in the sensory organ of Drosophila
[9, 8], and a similar function has been found in zebrafish dorsal epiblast cells during
gastrulation. These cells divide along the AP axis during gastrulation, and this ori-
entation is compromised when Wnt/PCP activity is compromised [39]. However, the
mechanisms by which Wnt/PCP regulates this orientation remain unknown. A re-
cent study revealed that MZfmi2 (celsr2 ) zebrafish embryos injected with morpholinos
against celsr1a/1b show epiboly defects [16]. No other mutant, double mutant, or MZ
null mutant of the PCP pathway show this defect, which suggests that Fmi/Celsr might
regulate epiboly independently from the Wnt/PCP pathway.
1.5 Stereotypical cell division orientation
The human eye seeks to find a certain order in an otherwise chaotic-apparent system.
Therefore, it seems natural that scientists investigating tissue growth and morphogen-
esis realized that some cells divided in a stereotypical manner during these processes.
The first reports on the existence of stereotypically oriented divisions go back to the
late 1980’s, when Morriss-Kay and Tuckett observed that the spindles of dividing cells
within the rat neuroepithelium were oriented along the direction of the cell flow that
they were studying [78]. Two years later, Schoenwolf and Álvarez studied the roles of
cell rearrangements, divisions and directed divisions in the folding of the avian neural
plate [103]. These and other observations that cell divisions may not be random [99],
and later evidence showing actual rotation of the mitotic spindle [1] meant a signif-
icant growth of interest in the role of cell division orientation for tissue growth and
morphogenesis.
The first study mentioning a possible correlation between cell division orientation
and morphogenesis was the thorough and elegant paper by Concha and Adams in 1996
[26]. They studied the orientation of cell division throughout zebrafish development,
and discovered that cells divide in an oriented manner (what they termed oriented cell
divisions, OCD) from gastrulation to neurulation. They described that cells divide par-
allel to the AP axis during gastrulation and parallel to the ML axis during neurulation,
and they thought this was “unexpectedly stereotyped and ordered.” In their discussion,
they argue that although the techniques are still missing to directly address the role
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of oriented divisions to morphogenesis, “morphogenesis could [...] provide a reason,
if not the mechanism, for oriented divisions.” They also discuss, albeit prematurely,
the possibility that OCD could have, if not an instructive, maybe a permissive role in
morphogenesis.
Since then, several studies have observed and described OCD in various organisms
and developmental stages, and tried to assess its role in each of them.
1.5.1 Asymmetric cell division
The interest in cell division orientation was born with asymmetric cell division, in
which the dividing mother cell gives rise to two unequal daughter cells. Asymmetric
cell division makes an important contribution to cell fate diversity in almost all or-
ganisms, ranging from prokaryotes [53] to worms, flies and vertebrates (reviewed in
[10]). In this kind of division, cells create an internal polarity axis and localize cell fate
determinants to one pole. The subsequent alignment of the mitotic spindle along the
axis of polarity causes these determinants to segregate into one of the two daughter
cells, thus making it di!erent from its sister. Asymmetric cell division has been very
well studied in Drosophila central nervous system, where the neuroblasts give rise to
another neuroblast and a ganglion mother cell. The former continues to divide in a
stem-cell fashion, while the latter divides once more to give rise to a pair of neurons
or glia cells. During neuroblast asymmetric division, the mitotic spindle rotates by 90
degrees, leading to a stereotypic orientation perpendicular to the overlying neuroecto-
dermal epithelium [58]. This establishment of the orientation is important, since the
ganglion mother cell needs to be pinched o! at the ventral side in order to position its
o!spring in the correct environment. The correct orientation of asymmetric divisions
is crucial in stem cell divisions and the development of cancer, according to recent and
increasing literature [94, 7], reviewed in [54] where randomization of spindle orientation
and/or inability to maintain the stem cell-like properties throughout several rounds of
division leads to tumor growth.
1.5.2 OCD in neurulation
Probably because neurulation was one of the most attractive processes to study, and
because the formation of the nervous system has always interested us humans, the first
observations of non random or directed cell divisions were done during the events of
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neural tube formation in various organisms. We have already mentioned some of these
studies ([78, 103])and will not go into more detail. However, it is important to note
that the focus of these studies was not cell division orientation itself. This was just an
observation that the authors made and was not further discussed. The first thorough
analysis of spindle orientation during neurulation by Adams in 1996 [1] established a
basis for further studies of the like. Most of the studies on spindle orientation and/or
cell division orientation in general base their measurements in his work.
1.5.3 OCD in tissue elongation
One of the first and most important studies done in chicken in a tissue di!erent from
the neural plate appeared in 2000 [134]. In their study, Wei and Mikawa analyzed the
orientation of cell divisions in the elongating primitive streak. They determined that
the metaphase plate formed a 90-degree angle with the midline, which would result in
cytokinesis being oriented parallel to it. They also determined that the daughter cells
remained arranged longitudinally along the midline. Since there are no cell intercalation
involved in the process and cells are not elongated in any direction, the authors argue
that this oriented cell division accounts for large part of the elongation of the primitive
streak.
Another example of OCD involved in tissue elongation comes from Drosophila de-
velopment. During the fast phase of germband extension, cells at the posterior part
divide along the axis of elongation. In the absence of cell division, as shown in the string
mutant, the rate of elongation decreases. string mutants also show a slight reduction
in the germband elongation extent, being able to cover only 55% of the egg, while wild
type embryos cover around 70%. This argues for a role of OCD in germband elongation
[107].
Zebrafish has also given examples of oriented cell division and tissue elongation,
the most important of them being the study conducted by Gong and colleagues in
2004 [39]. In this study, the authors analyzed the orientation of cell division at the
dorsal side of gastrulating zebrafish embryos in three dimensions and confirmed previous
observations that these are oriented parallel to the forming AP axis of the embryo [26]
and orthogonal to the DV axis. They showed that Wnt/PCP signaling is responsible
for this orientation, since injection of a mutant form of Xenopus Dishevelled (Xdd1)
randomizes these divisions. The authors argue for a correlation between this orientation
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of cell division and body axis elongation, by showing that embryos expressing Xdd1
are indeed shorter than wt at the end of gastrulation.
1.5.4 OCD in organ shaping
Oriented cell division has not only been implicated in tissue growth and/or elongation,
but also in the acquisition of organ shape. A beautiful example that requires OCD is
the shaping of the Drosophila wing blade. The results of Baena-López and colleagues
show a causal relationship between the orientation of cell divisions in the imaginal wing
disc and the adult morphology of the wing blade. They also report that a subset of
PCP genes is responsible for this orientation during organ development [6]. More recent
studies have focused on limb bud morphogenesis and development, and have found a
strong bias of cell division orientation aligned with the direction of growth.
An elegant comparison across di!erent vertebrate models show that the lateral
plate mesoderm contributes to limb morphogenesis by means of a shift in orientation
of cell features. Before limb bud outgrowth starts, cell longitudinal axes, planes of
division and direction of cell motion are largely parallel to the rostro-caudal axis of
the embryo. Upon beginning of limb outgrowth, these parameters su!er a shift form
rostro-caudal to medio-lateral orientation. Furthermore, the authors find that Wnt5a
acts as chemoattractant and is largely responsible of cell polarization and these oriented
activities [142].
A very recent study performs a powerful analysis of mouse hind limb outgrowth
and shows that directional cell activities (highly branched and active filopodia, distally
oriented Golgi and biased cell division orientation towards the distal side) rather than
a proximal-distal gradient of cell division rate is responsible for limb outgrowth [11].
1.5.5 OCD in human disease
Last but not least, the implication of OCD in human disease must be mentioned.
Polycystic kidney disease (PKD) is characterized by a progressive increase in tubular
diameter and cyst formation. In healthy individuals, the maturation of nephrons during
postnatal development is accompanied by a lengthening of tubules. This involves an
intense proliferative phase. It has been shown that this large number of mitoses does
not widen the tubules, but rather lengthen them by aligning their division planes along
the axis of elongation. The o!spring of all these divisions form, after several days,
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a longitudinally straight row of one cell width, meaning that there is little or no cell
rearrangement or intercalation involved after cell division. Planar polarity has been
involved in this process [33].
Another study involving Wnt/PCP signaling, oriented cell division and PKD ap-
peared recently, in which the authors show how the loss of Fat4 leads to randomization
of cell division orientation during tubule elongation and to cyst formation, both pro-
cesses underlying PKD in humans [96].
1.5.6 Genetic control of OCD
The planar cell polarity (PCP) pathways have been identified as essential regulators of
mitotic spindle orientation. They act as extrinsic polarizing cues to orient the spindle
relative to a cell-cell contact or to an embryo symmetry axis. However, the mechanisms
are still unclear. Most of what we know about mechanisms governing spindle orien-
tation come from PCP-independent asymmetric cell divisions, namely the nematode
C.elegans first zygotic division and Drosophila neuroblast cell division. During both
these processes, mitotic spindle orientation depends upon the polarized distribution of
a family of molecules that harbor Golocco domains. In C.elegans GPR-1 or GPR-2
(GPR-1/2) and in Drosophila Partner of Inscuteable (Pins) [145, 100]. For an excellent
review, see [38]. Their Golocco domains are able to dissociate the G! from the G"#
subunit of the heterotrimeric G protein (HGP) by directly interacting with the former.
This interaction also promotes the interaction of Pins and GPR-1/2 with proteins of
the NuMA family, respectively Mud and LIN-5. These proteins interact with Dynein,
the minus end microtubule motor. This means that the asymmetric localization of
Pins or GPR-1/2 is transformed into the asymmetric activation of molecular motors.
In C.elegans, the positioning of the spindle depends on the activity and the number of
‘force generators’ that pull on the astral microtubules. This activity is dependent on
GPR-1/2, G!, LIN-5 and Dynein.
This model can be used to understand the role of Wnt/PCP in spindle orientation.
It will be necessary to:
1. Identify the microtubule motor(s) acting downstream of the Wnt/PCP pathway.
2. Characterize the mechanisms by which the Wnt/PCP pathway is able to asym-
metrically localize the motor proteins within the cell.
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Section 1.5.6 describes symmetric cell division in zebrafish, Drosphila and mouse
and the pathways responsible of its control.
Control of symmetric cell division during tissue morphogenesis
The mechanisms controlling cell division orientation during tissue morphogenesis started
to be studied during the process of gastrulation in zebrafish. These are dependent
upon the activity of Wnt11, stbm and Dsh, but is not a!ected by the disruption of the
"-catenin transcriptional activity. This suggests that the orientation of cell division
during zebrafish gastrulation depends on signaling throught the Fz-branch of the Wnt
pathway [39].
Drosophila and mouse tissue morphogenesis showed an essential implication of the
Fat/Ds/Fj pathway in the orientation of cell division. Studies performed on the shape
acquisition of the wing blade in the fly showed that fat and ds mutants exhibit random
cell division orientation relative to the proximal-distal axis and the elongation along
it is reduced. In contrast, fz mutants have wings with una!ected shape [6]. The role
of the Fat/Ds/Fj is conserved to mammals. Post-natal kidney development in mice
showed a function for this pathway in cell division orientation and tubule elongation.
The disruption of the Fat4 gene results in randomization of cell division orientation
and tubule enlargement [33, 96]. Moreover, Fat!/!, Vangl2!/+ tubules are even more
a!ected [96], which demonstrates a synergistic e!ect of these two pathways. Wnt7b
has been shown to be secreted during embryonic development and to regulate division
orientation by activating the expression of PCP Wnt ligands (Wnt5a, Wnt11, Wnt4)
in the interstitial cells [146].
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Aims of this study
Oriented cell division has been implicated in many developmental processes. However,
many of these studies were based on experiments where cell division orientation has
been correlated with a specific morphogenetic behaviour, and/or where blocking cell
divisions has led to morphogenetic defects consistent with a critical role for OCD in this
process. Therefore, the field is still lacking experiments that specifically interfere with
the orientation of cell division without a!ecting their occurrence. It is also necessary
to study wether OCD is instructively or permissively required in these processes.
The orientation of cell division within a cell population is a phenomenon that has
been studied for a long time and which is observed in many developmental stages of
various organisms. The beginnings of this project were aimed to directly test, for
the first time, the intuitive assumption that the orientation of cell division should
collaborate with an elongation of the tissue that contains these cells. This would
clarify an issue that was, so far, only indirectly tested with experiments that interfered
with the occurrence of cell division, and not with its orientation. Here, we analyzed
zebrafish gastrulae, which undergo massive extension along the anterior-posterior axis
and whose cells display a strong orientation of their divisions and sought to find a
connection between the two.
Secondarily, we were interested in zebrafish neurulation and the role that the long-
described midline-crossing divisions (C-divisions) play in this process. Although it has
been shown that they are required for proper midline formation, the role of their strong
orientation parallel to the midline has never been addressed.
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The Wnt/Planar Cell Polarity (Wnt/PCP) has been shown to take important part
in the two processes described above, gastrulation and neurulation; its functions being
controlling cell migration, cell rearrangements, convergence and extension movements
and regulation of adhesion.
We sought to combine the analysis by long-term, time-lapse, multi-photon mi-
croscopy of zebrafish gastrulae and neurulae and the investigation of new mutants
of components of the Wnt/PCP signaling pathway to achieve a global understanding
of the role of cell division orientation during zebrafish early development.
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Results
3.1 Generation of MZfz7a/b double mutants
Previous studies have investigated the role of Wnt/PCP signaling in zebrafish devel-
opment by analyzing mutant embryos for di!erent components of the pathway and/or
embryos with reduced amounts of these components due to MO injection or dominant-
negative versions of them. For a complete review, see references [95] and [113]. However,
we sought to strongly impair Wnt/PCP signaling by generating mutants for frizzled7
(fz7), a key component of non-canonical Wnt signaling in Xenopus and zebrafish [30].
Using the “Targeting Induced Local Lesions in Genomes” (TILLING) method, and N -
ethyl-N -nitrosourea (ENU) as a mutagen, we were able to identify point mutations in
both frizzled7 genes present in zebrafish, fz7a and fz7b. Carriers for each mutation were
propagated and bred to homozygocity. For a detailed description, see section 5.2.2.
3.1.1 MZfz7a/b double mutants show reduced CE movements
Wnt/Planar Cell Polarity (Wnt/PCP) signaling is responsible for the correct body
axis elongation and the Convergence and Extension (CE) movements during early ver-
tebrate development. To confirm the function of Fz7 within the Wnt/PCP pathway we
asked the question whether Maternal-zygotic double mutant embryos for fz7a and fz7b
(MZfz7a/b) mutants show the classic shorter and broader body axis phenotype, seen
in other mutants of the pathway. To answer that question, we observed the mRNA
expression of the no tail (ntl), distal-less homeobox gene 3 (dlx3 ) and hatching gland
gene 1 (hgg1 ) by in situ mRNA hybridization. The pattern of expression of these
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mRNAs in wild type (wt) and MZfz7a/b double mutants is shown in Figure 3.1. When
compared to wt embryos, MZfz7a/b double mutants show a delayed migration of the
neural and prechordal plates and a shorter and broader notochord. Also, the body axis
length at tailbud stage appears much shorter than in wt.
D  F E  A  B  
hgg, dlx3, ntl
C
WT MZfz7a/b
Figure 3.1: MZfz7a/b double mutants show CE defects - (A,D) DIC images of a wt
(A) and MZfz7a/b (D) embryo at bud stage (10hpf). The arrowheads demarcate the body
axis. (B,C,E,F) Expression pattern of no tail (ntl), hatching gland gene 1 (hgg1 ), and
distal-less homeobox gene 3 (dlx3 ) marking the notochord, prechordal plate and anterior
neural plate, respectively in a wt (B,C) and a MZfz7a/b (E,F) embryo at bud stage. B, E
are animal views with dorsal to the right and C, F are dorsal views.
3.1.2 Fz7 acts downstream of Wnt11 in the Wnt/PCP pathway
Studies on other components of the Wnt/PCP pathway have revealed that gain- and
loss-of-function experiments produce similar phenotypes in zebrafish, mainly a shorter
and broader body axis and reduced CE movements [49, 56, 55]. We sought to clarify
whether this was the case as well for Fz7a and Fz7b. Therefore, we injected mRNA
for both components at the 1-cell-stage of wild-type embryos and measured body axis
length at the end of gastrulation. To do so, we analyzed the expression of the no
tail gene, which marks the notochord, at tailbud stage by in situ mRNA hybridiza-
tion. Wild-type embryos injected with a combination of 50pg of fz7a and 50pg of fz7b
mRNA show a significantly shorter body axis when compared to water-injected sib-
lings. Similarly, injection of 100pg of mRNA of the ligand Wnt11 [49] also produced
shorter embryos (Fig. 3.2).
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Figure 3.2: Expression of fz7 mRNA reduces body axis elongation and CE
movements - (A-E) DIC images of wt embryos at tailbud stage injected with water (A),
100pg of fz7a mRNA (B), 100pg of fz7b mRNA (C), a combination of 50pg of fz7a and
fz7b mRNAs (D) and 100pg wnt11 mRNA. (F-O) Expression pattern of ntl, hgg1 and
dlx3 in wt embryos injected as described above. (F-J) are dorsal views with animal to the
top and (K-O) are animal views with dorsal to the right. (P) Quantification of body axis
elongation by measurement of notochord length at tailbud stage. Statistical significance
" " " = p < 0.001. Values are normalized to control-injected wt embryos.
To test whether Fz7 indeed functions within the Wnt/PCP pathway downstream
of the Wnt/PCP ligand Wnt11, we over-expressed Wnt11 in MZfz7a/b mutant em-
bryos. If Wnt11 exerts its function by binding to Frizzled7 receptors, we would expect
CE movements of the mutants to be una!ected by these injections. Although body
axis elongation remains una!ected, migration of the prechordal plate in embryos over-
expressing wnt11 is slightly more delayed. This argues for the presence of receptors
other than Fz7a and Fz7b which could bind Wnt11 and transduce its signal. However,
these data suggest that Fz7 functions downstream of Wnt11 within the Wnt/PCP
pathway (Fig. 3.3).
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Figure 3.3: Expression of fz7 mRNA in MZfz7a/b double mutants rescues the
CE phenotype - (A-E) DIC images of MZfz7a/b embryos at tailbud stage injected with
water (A), 100pg of fz7a mRNA (B), 100pg of fz7b mRNA (C), a combination of 50pg of
fz7a and fz7b mRNAs (D) and 100pg wnt11 mRNA. (F-O) Expression pattern of ntl, hgg1
and dlx3 in MZfz7a/b embryos injected as described above. (F-J) are dorsal views with
animal to the top and (K-O) are animal views with dorsal to the right. (P) Quantification
of body axis elongation by measurement of notochord length at tailbud stage. Statistical
significance """ = p < 0.001. Values are normalized to control-injected MZfz7a/b embryos.
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3.2 Stereotypical division orientation during gastrulation
During gastrulation, cells at the dorsal side of the zebrafish embryo divide in an ori-
ented manner during gastrulation[26, 39]. Specifically, the spindle is set up parallel to
the antero-posterior (AP) axis and orthogonal to the dorsal-ventral (DV) axis of the
embryo. The orientation of these divisions results in the two daughter cells being po-
sitioned animally of each other (see Fig.3.4) right after cytokinesis is complete. At the
same time, the tissue containing these cells is undergoing a massive elongation along
the AP axis and narrowing along the DV and mediolateral (ML) axes. Intuitively, it is
plausible to think that these stereotypically oriented divisions could contribute to these
rearrangements, i.e. to body axis elongation. However, this has not yet been shown. In
this section, we will discuss the contribution of stereotypical division orientation (SDO)
to zebrafish body axis elongation and its relation to other events happening at the same
time.
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Figure 3.4: SDO during gastrulation - (A) Schematic representation of a zebrafish
embryo from the dorsal side at shield stage (6hpf). Epiboly and ingression movements
are represented with magenta arrows. Rpresentative cell divisions are represented in red.
These are parallel to the AP axis (red arrow) and orthogonal to the DV axis (green arrow).
(B) Micrograph of the dorsal side of a wt embryo at shield stage. Two daughter cells of
a representative divisions are marked with red spheres. The same coordinate system as in
(A) is used. Scale bar is 40 µm. (C) Schematic diagram showing the azimuthal ($) and
the elevation (%) angles for a single cell division represented by wired grey spheres and red
nuclei. The embryonic axes are shown in respect to the reference system
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3.2.1 Wild type cells divide along the AP axis during gastrulation
In order to confirm and extend previous observations that cells at the dorsal side of the
zebrafish gastrula divide mainly parallel to the AP axis, we acquired long-term time-
lapse movies of wild type (wt) gastrulae, between shield (6hpf) and tailbud (10hpf)
stages (See Movies 1 and 2). We made use of a transgenic zebrafish line ubiquitously
expressing a Histone2A-GFP fusion (H2A.F/Z:GFP, [91]). Dividing cells at the dorsal
side of the embryo were detected due to the specific DNA rearrangements during mi-
tosis and its division orientation analyzed using a semi-automated method (see Section
5.2.12). In this way, we were able to measure the angle of every cell division detected in
three dimensions and along both axes (Fig. 3.5A). Using the polar coordinates, which
define every point on a sphere, we assigned two angles to each division. One (azimuthal
angle, $) with respect to the AP axis and the second (elevation angle, %) with respect
to the DV axis (Fig. 3.5B). For the remaining of this study, we will use these two angles
to identify each cell division analyzed. Also, note that:
#& $ $ $ &
and, similarly:
#&/2 $ % $ &/2
For notation purposes, we define a division angle parallel to the AP axis and or-
thogonal to the DV axis when:
% = $ = 0
We found that, according to previous observations, cells divide parallel to the AP
axis [26] and orthogonal to the DV axis. 70% of the detected divisions occurred within
a 30 " angle o! the AV axis, i.e., highly aligned to it. Similarly, 80% of them fell within
the 30 " window for the DV axis (n = 2149 divisions from 4 embryos, Fig.3.5C-E).
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Figure 3.5: Wild type progenitors display SDO during gastrulation - (A) Pipeline
of one representative experiment. An embryos is imaged from shield to tailbud stages and
4D (xyz + time) are acquired. Movies are processed and the division angles measured. The
final steps involve performance of statistical tests and generation of graphs. (B) Definition
of stereotypical division orientation. Schematics of the dorsal side of a zebrafish embryo at
shield stage. Examples of four cells dividing with % = 0 !, % = 90 !, $ = 0 ! and $ = 90 !
angles are given in yellow. (C) Frequency distribution of cell division orientation angle
pairs ($, %) in wt embryos during gastrulation (6-10hpf). The higher frequency of cells
dividing with angles $ = 0 ! and % = 0 ! reveals that wt embryos show SDO parallel to the
AP axis and orthogonal to the DV axis (see panel B) during these stages. (D) Distribution
of azimuthal angles ($). (E) Distribution of elevation angles (%).
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3.2.2 Sister cells maintain their relative AP position after division
Once we confirmed that dorsal cells divide parallel to the axis of elongation during gas-
trulation, we sought to further characterize these divisions in order to address a possible
role in body axis elongation. If these cells with stereotypical division orientation (SDO)
should contribute to body axis elongation, the position of daughter cells after division
is completed should be maintained throughout time. Figure 3.6 illustrates the outcome
of di!erently oriented divisions in terms of their contribution to axis elongation.
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Figure 3.6: Possible contribution of SDO to body axis elongation - (A) Sister
cells resulting from a stereotypically oriented division (blue) parallel to the AP axis will
contribute to body axis elongation (red two-headed arrow) if they maintain their relative
antero-posterior position over time. (B) Sister cells resulting from a division that did
not happen parallel to the antero-posterior axis (green) will not contribute to body axis
elongation (red two-headed arrow). Grey cells illustrate the environment in which both
divisions occurred.
We observed cell rearrangements of daughter cells resulting form divisions that
occurred parallel to the AP axis and asked the question whether they changed position
after division, thereby losing the potential of contributing to body axis elongation. We
tracked pairs of daughter cells for up to 60min after SDO and plotted the distance
between both nuclei in the AP direction over time. We observed that daughter cell
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positioning after SDO does not change dramatically (Fig. 3.7), thus supporting the
hypothesis of a potential contribution to axis elongation.
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Figure 3.7: Cell daughter positioning along the AP axis - Average distance of sister
cells along the AP axis after dividing parallel to it. Error bars are standard deviation.
3.2.3 Wnt/PCP signaling controls SDO during gastrulation
The Wnt/PCP signaling pathway has been shown to control the orientation of cell
division during zebrafish gastrulation [39]. In their study, Gong and colleagues analyzed
the division orientation of dorsal epiblast cells expressing a mutant form of Xenopus
Dishevelled (Xdd1), which blocks zebrafish and Xenopus axis elongation [129, 114, 56],
and compared it to the situation in the wild type embryo. Signaling through Dsh has
been proposed to orient the mitotic spindle in other species [3] and thus appeared as
a good candidate to test. They observed that the divisions of cells expressing Xdd1
appeared less aligned along the AP axis than the wt, indicating that Wnt/PCP controls
the orientation of cell division during gastrulation.
As discussed previously (see section 1.4.2), Wnt/PCP signaling is a major regulator
of CE movements and cell rearrangements during gastrulation. To dissect the roles
of Wnt/PCP signaling in the polarization of cell division orientation and body axis
elongation, we decided to analyze cell division orientation in embryos with reduced
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or no Wnt/PCP signaling, due to mutations or knocked-down expression of di!erent
components of the pathway.
Analysis of cell division orientation in mutants and/or morphants of some of the
components of the Wnt/PCP pathway such as MZfz7a/b (described in this study) or
the ligand slb/Wnt11 [49] revealed that SDO along the AP axis is disrupted in these
embryos. MZfz7a/b double mutant embryos show the biggest di!erence with the wt
(p < 0.05, n = 1398 divisions from 4 embryos, Fig. 3.8, Movies 3 and 4). Wnt11
morphant embryos show a weaker SDO disruption along the AP axis (Fig. 6.1). These
data suggests that SDO depends upon Fz7 during zebrafish gastrulation.
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Figure 3.8: Progenitors of MZfz7a/b double mutant embryos do not show SDO
during gastrulation - (A) Frequency distribution of cell division orientation angle pairs
($, %) in MZfz7a/b mutant embryos during gastrulation (6-10hpf). Compare the reduced
frequency of divisions with angles $ = 0 and % = 0 with panel A of Fig. 3.5. (B)
Distribution of azimuthal angles ($). (C) Distribution of elevation angles (%).
3.2.4 SDO can be a!ected by CE movements
The reduction of SDO in Wnt/PCP signaling defective embryos (Fig. 3.8 and [39])
suggests that Wnt/PCP directly controls SDO. Alternatively, the alteration in SDO
might be secondary to an e!ect of Wnt/PCP on body axis elongation. To distinguish
between these possibilities, we analyzed cell division orientation in Prostaglandin E2
synthase (Ptges) morphant embryos, which show body axis elongation defects similar
to Wnt/PCP-defective embryos, but have intact Wnt/PCP signaling. (Fig. 3.9 and
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[20]). We found that SDO was slightly, but significantly a!ected in ptges morphant
embryos (p < 0.001, n = 1198 divisions from 4 embryos). However, ptges morphants
are also significantly less a!ected than MZfz7a/b mutants (Fig. 6.1, suggesting that
CE defects alone are not enough to a!ect SDO. Taken together, these results suggest
that the absence of SDO is not just a byproduct of defective CE, but a consequence of
defective Wnt/PCP signaling.
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Figure 3.9: Embryos with CE defects but intact Wnt/PCP signaling have
a!ected SDO. - (A-D) Expression pattern of ntl, hgg1 and dlx3 in wt embryos (A,B)
and ptges morphants (C,D). (A,C) are dorsal views, (B,D) are animal views, with dorsal
to the right. (E) Frequency distribution of cell division orientation angle pairs ($, %) in
ptges morphants during gastrulation (6-10hpf). (F) Distribution of azimuthal angles ($).
(G) Distribution of elevation angles (%).
3.2.5 Asymmetric distribution of Wnt/PCP components accounts for
an early polarization of epiblast cells
Asymmetric distribution of components within the Wnt canonical and non-canonical
pathways have been related to establishment of cell polarity, the re-orientation of the
mitotic spindle and/or the set up of cell division orientation in several organisms and
developmental stages [57, 112, 131, 102].
It has been previously shown that the core component of Wnt/PCP signaling Prickle
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localizes to the anterior side of cells in two di!erent developmental stages of the ze-
brafish, late gastrulation [144] and somitogenesis [22]. The cells analyzed in both these
studies are highly morphologically polarized, pointing at the possibility that the asym-
metric localization of Pk is a readout of a previously established cell polarity. During
early gastrulation, however, cells are still morphologically unpolarized.
In order to investigate a possible mechanism by which Wnt/PCP signaling might be
controlling cell division orientation in these cells, we monitored the distribution of an
EGFP-tagged version of Pk (GFP-Pk, [55]) in early gastrulae. We co-expressed it with a
GPI-anchored RFP (mem-RFP, [61]) to mark the plasma membrane. We then observed
and analyzed the distribution of the protein in cells at the dorsal side of the embryo by
confocal laser scanning microscopy. We analyzed dorsal epiblast cells between shield
(6hpf) and 60% epiboly and found that GFP-Pk is cytoplasmically expressed, but also
accumulates in puncta-like structures at the plasma membrane (Fig.3.10 and Movie 5).
We subdivided each cell containing these accumulations into four quadrants and scored
their position as either animal, vegetal, lateral or medial. We found that in wt cells,
47% of the accumulations (n = 158 accumulations in 6 embryos) were localized at the
animal side of the cells, suggesting that dorsal epiblast cells are polarized as early as
shield stage (Fig.3.10).
Similarly, and in order to find a possible correlation between this early polariza-
tion and the actual orientation of cell divisions, we monitored GFP-Pk expression in
MZfz7a/b double mutant embryos. If this correlation existed, we would expect to see
no polarization in these mutant cells with reduced SDO during gastrulation. Indeed,
this hypothesis was confirmed by the observation of a reduced number of GFP-Pk accu-
mulations. Furthermore, the accumulations still present showed no biased localization
to any side of the cells (Fig. 3.10 and Movie 6).
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Figure 3.10: GFP-Pk localization in wt and MZfz7a/b dorsal epiblast cells. -
(A) Dorsal view of a wt embryo at 50% epiboly. (B) Magnification of the red window
shown in panel (A). GFP-Pk (green) is citoplasmically expressed and in accumulations
at the plasma membrane (arrowheads) in wt embryos. Scale bar is 20µm. (C) GFP-Pk
expression is reduced in MZfz7a/b mutants. (D) Schematic diagram of the cell shown in
the red box in panel (B). The yellow circle represents one representative GFP-Pk accumu-
lation in the quadrant defined as ‘Animal’. (E) Quantification of the number of GFP-Pk
accumulations in wt and MZfz7a/b embryos. wt: n = 158 accumulations in 6 embryos and
MZfz7a/b: n = 26 accumulations in 6 embryos. (F) Localization of GFP-Pk accumulations
in wt and MZfz7a/b embryos.
3.2.6 Stereotypical division orientation does not contribute to body
axis elongation
Instructive function of SDO in body axis elongation
It has been proposed that divisions occurring within a tissue that is undergoing elonga-
tion may contribute to this process when they are aligned along the axis of elongation.
However, this has not yet been successfully tested.
In order to do so, we analyzed body axis elongation in zebrafish. The tissues
undergoing the elongation, the dorsal epi- and hypoblast, bear polarized cell divisions,
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as shown in Fig. 3.5. We started out by asking to what extent would body axis
elongation be a!ected in the absence of these polarized divisions. To answer this
question, we made use of a zebrafish line bearing a mutation in early mitotic inhibitor
1 (emi1 ) [148]. These embryos cease all cell division at shield stage (6hpf). Since
most of the elongation happens after this stage, emi1 mutants seemed the ideal tool
to study the contribution of cell division to body axis elongation. If SDO does indeed
contribute to body axis elongation, we would expect a reduction in body axis length in
emi mutants. We measured the length of the notochord of these mutants, compared it
to wt siblings and found no significant di!erences between the two (Fig. 3.11).
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Figure 3.11: The absence of cell division does not a!ect body axis elongation
- (A) Setup to measure notochord length of several embryos. Embryos fixed at tailbud
stage and stained for ntl and hgg1 are positioned on their side to be able to measure
the notochord length demarcated by the white dashed line in the magnification. (B)
Quantification of body axis elongation in wt, and emi1 at bud stage (10hpf). Values are
normalized to wt embryos. (C,D) ntl and hgg1 expression of wt (C) and emi1 mutants
(D) at bud stage (10hpf). Dorsal views.
We were able to confirm this result by pharmacologically inhibiting cell division
during gastrulation stages (6-10hpf). We chose to use a combination of aphidicolin and
hydroxyurea, a DNA polymerase and a deoxynucleotides inhbitor, respectively. This
‘cocktail’ has been successfully used in zebrafish to e!ectively inhibit cell division at
various stages [22, 69]. We treated the embryos during gastrulation stages (6-10hpf)
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and managed to block cell division, as revealed by the reduced signal of anti-Phospho
Histone H3 (PH3) antiboday in treated embryos as compared to control embryos at
the end of gastrulation. (Fig. 3.12).
Together, these data show that cell divisions do not have an instructive role in body
axis elongation.
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Figure 3.12: Cell division inhibitor treatment - (A) Timeline of zebrafish devel-
opment from the 1-cell-stage (0hpf) to bud stage (10hpf) (black arrow). Cell division
inhibitors are applied from shield (6hpf) to bud stages (10hpf) (red arrow) and embryos
are subsequently washed and fixed (blue arrow). (B,C) Pictures of wt embryos stained
with PHH3 antibody to mark cell divisions at bud stage (10hpf). Embryos treated with
DMSO (B) and cell division inhibitors (C) are shown. Scale bar is 0.5mm. (D) Quantifi-
cation of body axis elongation at bud stage (10hpf) of wt, wt treated with DMSO and wt
treated with cell division inhibitors. Values are normalized to wt embryos. (E-G) ntl and
hgg1 expression of wt (E), wt treated with DMSO (F) and wt treated with cell division
inhibitors (G) at bud stage (10hpf). Dorsal views.
Permissive role of SDO in body axis elongation
Alternative to an instructive function, SDO might have a permissive role in allowing
body axis elongation to proceed normally. This would mean that, if present, cells need
to divide in an oriented manner for the body axis to elongate normally. In Wnt/PCP
mutants, reduced SDO would interfere with body axis elongation and add up to the
CE defects, contributing to the observed elongation defect.
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We therefore hypothesized that inhibiting cell divisions in MZfz7a/b double mutants
would partially rescue the shorter axis phenotype, since we would be removing one
source of its cause. We treated MZfz7a/b embryos with the cell division inhibition
cocktail and quantified the notochord length at the end of gastrulation. We did not
observe any significant di!erence between treated and untreated siblings. This shows
that SDO does not have a permissive role in Wnt/PCP-controlled body axis elongation.
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Figure 3.13: Wnt/PCP -dependent PDO do not contribute to body axis elon-
gation. - (A) Quantification of body axis elongation in wt embryos treated with DMSO,
MZfz7a/b mutants treated with DMSO and MZfz7a/b mutants treated with cell division
inhibitors at bud stage (10hpf). Values are normalized to the notochord length of wt em-
bryos.(B-D) ntl and hgg1 expression of wt treated with DMSO (B), MZfz7a/b treated with
DMSO (C) and MZfz7a/b treated with cell division inhibitors (D) at bud stage (10hpf).
Dorsal views.
Directly testing the implication of the orientation of cell division
Until now, both previous and our observations regarding the contribution of SDO to
tissue elongation have been based on experiments in which the occurrence of cell division
was a!ected and/or in which the reduction of SDO could not be separated from other
phenomena that might be a!ecting the result ([39, 6, 107, 134] and Figs. 3.11 and
3.13).
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To confirm that SDO has neither an instructive nor a permissive role in body axis
elongation, we decided to take one step further and interfere with the orientation of the
divisions, without a!ecting their general occurrence. To do so, we asked the question
whether interfering with the motor protein Dynein could alter spindle orientation and
therefore change SDO during zebrafish gastrulation. Dynein has been implicated in
spindle positioning in yeast and C.elegans. More recently, O’Connell and colleagues
show a similar behaviour in mammalian cell culture. They microinjected an antibody
against Dynein Intermediate Chain (DynIC) in normal rat kidney (NRK) cells and
observed a randomization in spindle positioning in dividing cells [85].
Prompted by these observations, we decided to take a similar approach: we micro-
injected zebrafish embryos at the 1-cell-stage with said antibody against DynIC and
observed cell division orientation during gastrulation. The analysis revealed that cell
divisions were significantly less oriented along both the A/P and D/V axes when com-
pared to wt (n = 1024 divisions from 4 embryos, p < 0.01) (Fig. 3.14). In conclusion,
this treatment can be used to successfully alter cell division orientation in zebrafish
developing embryos.
Once we confirmed that DynIC-Ab-injected embryos show reduced SDO during gas-
trulation, we asked the question whether this would interfere with body axis elongation.
We measured the notochord length of these embryos at bud stage and compared it to
control-injected siblings. We could detect no significant di!erences between the two
(Fig. 3.15). Taken together, these data show that SDO has no detectable function in
body axis elongation during gastrulation.
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Figure 3.14: SDO during gastrulation is reduced upon DynIC-Ab injection. -
(A) Frequency distribution of cell division orientation angle pairs ($, %) in DynIC-Ab-
injected embryos during gastrulation (6-10hpf). (B) Distribution of azimuthal angles ($).
(C) Distribution of elevation angles (%).
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Figure 3.15: Body axis elongation is not impaired upon DynIC-Ab injection
- (A) Quantification of body axis elongation at bud stage (10hpf) in wt and DynIC-Ab-
injected embryos. Values are normalized to wt embryos. (B,C) ntl and hgg1 expression
of wt and DynIC-Ab-injected embryos at bud stage (10hpf). Dorsal views.
44
3.3 Stereotypical division orientation during neurulation
3.3 Stereotypical division orientation during neurulation
3.3.1 C-divisions display SDO in the neural primordium
Several very elegant and interesting studies have investigated the orientation of cell
divisions in various stages of neurulation in several organisms. [26, 35, 121, 99, 103].
In zebrafish, divisions undergo a 90-degree rotation from gastrula to neurula stages,
dividing orthogonal to the AP axis at cell cycle 16 [64]. In order to understand the
contribution of these oriented cell divsions to morphogenesis during neurulation, we
first analyzed and quantified in detail the acquisition of this orientation.
We performed long term time-lapse movies on zebrafish neurulae, starting at approx-
imately the 6-somite-stage (12.5hpf) and imaged the folding neural plate and forming
midline for 3 to 4 hours (16-somite-stage, 16hpf). Consistent with previous observa-
tions, [35, 26] divisions in the neural plate are oriented parallel to the medio-lateral
(ML) axis, and orthogonal to the AP axis. We observed that most of the divisions in
wt embryos occur within a 40µm window (axial domain hereafter) in the region where
the prospective midline will form (n = 758 divisions in axial domain and 402 divisions
in paraxial domains. 5 embryos.) (Figs. 3.16 and 3.17)
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Figure 3.16: Neural progenitors display SDO - (A) Frequency distribution of cell
division orientation angle pairs ($, %) in the axial domain of wt embryos during neurulation
(13 to 16hpf). (B) Distribution of azimuthal angles ($). (C) Distribution of elevation
angles (%).
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The axial domain is where we expected the C-divisions to be happening. To confirm
this, we analyzed the localization of Pard3 in the divisions happening in this region.
Pard3, initially described as ASIP/PAR-3, is a zebrafish orthologue of the C. elegans
Par3 protein and it has been widely implicated in the establishment of polarity. During
zebrafish neural plate folding, Pard3 is mirror-symetrically inherited by daughter cells
that are deposited at either side of the forming midline [116]. We co-injected a GFP-
tagged version of Pard3 together with a histone:mCherry mRNA in the 1-cell-stage
of wt embryos and performed two-colour multi-photon time-lapse microscopy during
neurulation. We observed that Pard3-GFP accumulates in a position equidistant from
the nuclei of newly born sister cells in the axial domain (Movies 7 and 9). Once
confirmed that these divisions are, in fact, C-divisions, we proceeded to compare their
orientation with the orientation of divisions happening in more paraxial regions of the
neural plate. As expected, divisions happening in paraxial regions of the neural plate,
where no midline should be formed, showed a strong misorientation along the AP axis,
whereas the orientation along the DV remained unchanged, i.e. cells divided orthogonal
to it (Fig.3.18).
WT
MZfz7a/b
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758 402
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944
869400
367
186
0% 20% 40% 60% 80% 100%
Cell division number during neurulation
Axial (40µm) Paraxial
Figure 3.17: Cell division number during neurulation - Quantification of cell di-
vision number in axial and paraxial regions of wt, MZfz7a/b, DynIC-Ab-injected and tri
embryos during neurulation (13 to 16hpf).
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Figure 3.18: Divisions in paraxial regions of the neural plate do not display
SDO - (A) Frequency distribution of cell division orientation angle pairs ($, %) in paraxial
regions of wt embryos during neurulation (13 to 16hpf). Compare with panel A of figure
3.16.(B) Distribution of azimuthal angles ($). (C) Distribution of elevation angles (%).
Compare panels B and C with panels B and C of figure 3.16.
3.3.2 SDO in the neural primordium depends upon Fz7
Wnt/PCP signaling has an important role in convergence of the neural plate and in
the polarization of the neural progenitors within. This prompted us to explore the role
of Wnt/PCP in the orientation of cell division during neurulation. Analysis of SDO
in MZfz7a/b double mutants revealed that their neural progenitors show a weaker
SDO when compared to wt (n = 186 divisions in axial domain of 5 embryos, Fig.3.19
and Movie 8). We could also observe a shift in localization of cell divisions to more
paraxial regions of the neural primordium. Moreover, SDO in MZfz7a/b mutants was
indistinguishable in axial and paraxial regions (n = 500 divisions in paraxial regions of
5 embryos) (Fig. 3.20).
47
3. RESULTS
0
20
40
60
90°75°60°45°30°15°0°
Pe
rc
en
ta
ge
 (%
)
Distribution of 
azimuthal angles [θ]
B
WT vs. MZfz7a/b
p<0.0001
Azimuthal angles [θ] (°)
El
ev
at
io
n 
an
gl
es
 [ϕ
] (
°)
0
0.5
1
1.5
2
2.5
3
3.5
Fr
eq
ue
nc
y 
(%
)
−165−135−105−75−45 −15 15 45 75 105 135 165
−90
−60
−30
0
30
60
90
Distribution of division angles in axial domain of MZfz7a/bA
0
20
40
60
90°75°60°45°30°15°0°
Distribution of 
elevation angles [ϕ]C
WT vs. MZfz7a/b
p=0.003
Pe
rc
en
ta
ge
 (%
)
Figure 3.19: SDO is lost in axial regions of MZfz7a/b mutants during neu-
rulation - (A) Frequency distribution of cell division orientation angle pairs ($, %) in
axial regions of MZfz7a/b mutants during neurulation (13 to 16hpf). (B) Distribution of
azimuthal angles ($). (C) Distribution of elevation angles (%).
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Figure 3.20: Division orientation in axial and paraxial regions of MZfz7a/b
mutants is indistinguishable - (A) Frequency distribution of cell division orientation
angle pairs ($, %) in paraxial regions of MZfz7a/b mutants during neurulation (13 to
16hpf). Compare with panel A of figure 3.19.(B) Distribution of azimuthal angles ($).
(C) Distribution of elevation angles (%). Compare panels B and C with panels B and C
of figure 3.19.
48
3.3 Stereotypical division orientation during neurulation
3.3.3 Midline formation is impaired in the absence of SDO
To investigate a possible role of SDO in midline formation, we analyzed midline mor-
phology in wt and MZfz7a/b at 16 hpf. At this stage, wt embryos showed a clearly
recognizable midline structure (Movie 10, Fig.3.21, quantified in Fig.3.23). In contrast,
no coherent midline structure was detectable in MZfz7a/b mutants (Movie 11, Fig.3.21,
quantified in Fig.3.23). This defect in midline formation could be due to the observed
lack of SDO in the tissue, or a byproduct of CE and body elongation defects of these
mutants. Before we addressed this question, we sought to investigate whether cell di-
visions per se instructively function in midline formation.
OV
B rhodamine-phalloidin
WT
B’
C
OV
MZfz7a/b
C’
A
Figure 3.21: Midline formation is impaired in MZfz7a/b double mutants - (A)
Lateral view of a 16-somite embryo. Dashed line represents the height at which images of
panels B and C are taken. (B,B’) Dorsal (B) and transversal (B’) confocal micrographs of a
16-somite wt embryo stained with rhodamine-phalloidin to mark F-actin distribution. Note
the apparent, straight midline at the center of the neural primordium. (C,C’) Dorsal (C)
and transversal (C’) confocal micrographs of a 16-somite MZfz7a/b mutant embryo stained
with rhodamine-phalloidin to mark F-actin distribution. Note the absence of a coherent
midline structure. Dashed lines in (B,C) represent the height of the transversal cuts in
(B’,C’). OV= otic vesicle. Scale bars = 20µm.
Similar to the approach taken in the experiments at gastrula stages, we blocked
cell divisions during neurulation by either treating embryos with cell division inhibitors
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and used emi1 mutants. We incubated wt embryos with cell division inhibitors from
approximately 90% epiboly onwards, in order to achieve their maximum activity during
neurulation. After analyzing midline morphology in both treated embryos and emi1
mutants at 16 hpf we concluded that both populations formed an essentially normal
midline (Fig. 3.22, quantified in Fig. 3.23), which argues against an instructive role of
SDO in midline formation. It has been shown that C-divisions are required to form a
proper midline. However, the observation that a midline can be formed in the absence
of all cell divisions argues for a compensatory mechanism that is activated in this sit-
uation.
C’
C
OV
emi1
B’
WT + inh.
B
OV
OV
A rhodamine-phalloidin
WT
A’
Figure 3.22: Midline formation is essentially normal in the absence of cell
divisions - (A,A’) Dorsal (A) and transversal (A’) confocal micrographs of a 16-somite
wt embryo stained with rhodamine-phalloidin to mark F-actin distribution. Note the
apparent, straight midline at the center of the neural primordium. (B,B’) Dorsal (B)
and transversal (B’) confocal micrographs of a 16-somite wt embryo treated with cell
division inhibitors from 90% epiboly onwards, stained with rhodamine-phalloidin to mark
F-actin distribution. Note the largely normal appearing midline at the center of the neural
primordium and the surprisingly well structured tissue. (C,C’) Dorsal (C) and transversal
(C’) confocal micrographs of a 16-somite emi1 mutant embryo stained with rhodamine-
phalloidin to mark F-actin distribution. Not the straight, largely normal midline and the
increase in cell size. Dashed lines in (A-C) represent the height of the transversal cuts in
(A’-C’). OV= otic vesicle. Scale bars = 20µm.
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Figure 3.23: Quantification of midline formation at 16-somite-stage - Quantifica-
tion of midline formation of WT, WT treated with cell division inhibitors, emi1, MZfz7a/b,
MZfz7a/b treated with cell division inhibitors, DynIC-Ab-injected and DynIC-Ab-injected,
division-inhibitor-treated embryos at the 16-somite-stage. The midlines (or their absence)
were scored qualitatively as ‘normal’, ‘partial’ or ‘absent’. The numbers of embryos ana-
lyzed are given in the graph.
3.3.4 SDO is permissively required for midline formation
SDO could, instead of having an instructive role in the process, be acting in a permissive
way. This means allowing for correct midline formation when cell divisions are present.
We again undertook an approach similar to the one performed at gastrula stages and
blocked cell division in embryos with reduced SDO in order to test this idea. If our
hypothesis was correct, we should be able to see a rescue of the midline phenotype in
these embryos. We found that treating MZfz7a/b with cell division inhibitors partially
rescued midline formation (Fig. 3.24, quantified in Fig. 3.23), suggesting that Fz7-
controlled SDO is permissively required for neural rod midline formation.
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Figure 3.24: Inhibition of cell division in MZfz7a/b mutants rescues midline
formation - (A,A’) Dorsal (A) and transversal (A’) confocal micrographs of a 16-somite
MZfz7a/b mutant embryo stained with rhodamine-phalloidin to mark F-actin distribution.
Note the absence of a coherent midline structure. (B,B’) Dorsal (B) and transversal (B’)
confocal micrographs of a 16-somite MZfz7a/b mutant embryo treated with cell division
inhibitors and stained with rhodamine-phalloidin to mark F-actin distribution. Note the
partial rescue of the midline structure, which resembles the wt situation. Compare with
panels B and B’ of Fig.3.21. Dashed lines in (A,B) represent the height of the transversal
sections in (A’,B’). OV= otic vesicle. Scale bars = 20µm.
To directly test this idea, we specifically interfered with cell division orientation
without altering Wnt/PCP signaling or any other morphogenetic process. We did
so by injecting DynIC-Ab into the 1-cell-stage. We analyzed cell division orientation
during midline formation and found that DynIC-Ab-injected embryos show a weaker
SDO when compared to wt (Fig.3.25). Furthermore, and similar to the situation in
MZfz7a/b mutants, we observed a shift in cell division localization towards paraxial
regions of the neural primordium (Fig. 3.17). Also resembling the situation when Fz7
is absent, analysis of midline morphology at 16hpf revealed that DynIC-Ab-injected
embryos fail to form a recognizable midline structure (n = 0/13 embryos, Figs. 3.23
and 3.26A,A’), indicating that SDO is required for neural rod midline formation. To
confirm this result, we blocked cell division during neurulation, hoping to see a rescue
of the midline phenotype, similar to what we observed in MZfz7a/b mutants treated
with these inhibitors. The treatment managed indeed to partially rescue the midline
defect (n = 3/12 embryos, Figs. 3.23 and 3.26B,B’), confirming our hypothesis that
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SDO permissively functions in midline formation.
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Figure 3.25: DynIC-Ab injections reduces SDO during neurulation - (A-C)
Frequency distribution of cell division orientation angles in axial regions of DynIC-Ab-
injected embryos during neurulation (13 to 16hpf). Distribution of angle pairs (A) ($,
%),azimuthal angles ($)(B) and elevation angles (%)(C). Compare panels A to C with
panels with Figure 3.16.(D-F) Frequency distribution of cell division orientation angles in
axial regions of DynIC-Ab-injected embryos during neurulation (13 to 16hpf). Distribution
of angle pairs (D) ($, %), azimuthal angles ($)(E) and elevation angles (%)(F). Compare
panels D to F with Figure 3.18.
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Figure 3.26: Inhibition of cell division in DynIC-Ab injected embryos rescues
midline formation - (A,A’) Dorsal (A) and transversal (A’) confocal micrographs of a
16-somite DynIC-Ab injected embryo stained with rhodamine-phalloidin to mark F-actin
distribution. Note the absence of a coherent midline structure. (B,B’) Dorsal (B) and
transversal (B’) confocal micrographs of a 16-somite DynIC-Ab injected embryo treated
with cell division inhibitors and stained with rhodamine-phalloidin to mark F-actin distri-
bution. Note the partial rescue of the midline structure, which resembles the wt situation.
Compare with panels B and B’ of Fig.3.21. Dashed lines in (A,B) represent the height of
the transversal sections in (A’,B’). OV= otic vesicle. Scale bars = 20µm.
3.3.5 SDO in other Wnt/PCP mutants
In order to fully understand the involvement of Wnt/PCP signaling in the orientation
of cell division and midline formation during zebrafish neurulation, we analyzed these
aspects in mutants for other components of the pathway. Mutants for Van Gogh-
like 2 (Vangl2, also known as Strabismus) have been shown to su!er severe neural
tube defects, and thus we wanted to investigate the orientation of cell division during
neurulation in these embryos. We used embryos with no Vangl2 activity (trilobite
mutants, tri), which show a duplicated, but otherwise normal midline [116, 22]. See
also Fig.3.27
Due to the delayed convergence of the neural plate, the C-divisions happen at the
correct time, but at the wrong location within the forming neural rod. This gives
rise to two ectopic midlines in more lateral locations, instead of one, central neural
54
3.3 Stereotypical division orientation during neurulation
rod midline [116]. However, the orientation of C-divisions in these embryos has not
yet been investigated. If our hypothesis of SDO having a permissive role in midline
formation is correct, we would expect tri mutants to show SDO along the two ectopic
midlines, and not along the AP axis of the embryo.
A B
Figure 3.27: Midline formation in wt and MZtri embryos - (A,B) Confocal
micrographs of transverse sections through rhodamine-phalloidin-stained wt embryos (A)
and MZtri (B) mutants at neural plate, 5 somite stage, 15 somite stage and 20 somite
stage. On the right of each panel, a schematic representing the formation of the midline
(dotted or plain line). Note the formation of two ectopic midlines in MZtri mutants, while
one single, central midline forms in wt. Modified from [22].
We analyzed division orientation in 5 tri mutant embryos during neurulation, defin-
ing the reference axis di!erently in each of them, and making it coincide with the ectopic
midlines that we could observe towards the end of the respective movies. As expected,
the number of cell divisions happening in the axial domain versus paraxial regions re-
sembles the situation in MZfz7a/b mutants, with most of cell divisions happening in
paraxial regions (Fig.3.17). The analysis of cell division orientation revealed, in con-
trast to what we observed in MZfz7a/b mutants, that divisions in tri mutants divide
in a stereotypic manner orthogonal to both ectopic forming midlines (Fig. 3.28).
These data suggest that the localization of C-divisions within the neural primordium
determines where the midline will form, while the stereotypical orientation is needed
for midline formation per se.
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Figure 3.28: tri mutants show SDO along the forming midlines - (A)Frequency
distribution of cell division orientation angles in respect of the forming ectopic midlines in
tri mutants during neurulation (13 to 16hpf). (B) Distribution of azimuthal angles ($).
(C) Distribution of elevation angles (%).
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Discussion
The aim of this thesis was to understand the role(s) of the orientation of cell division
during zebrafish early development. Our major finding was that cells with stereotyp-
ical division orientation (SDO) are required for proper formation of the neural rod
midline during neurulation. Furthermore, we found no critical role of SDO for body
axis elongation during gastrulation.
4.1 Relevance of studying SDO to understand its role in
morphogenetic processes
When studying cell proliferation and its contribution to the growth of tissues and the
acquisition of their final shape, it becomes clear that there must be a certain kind
of internal order in the regulation of cell division. It becomes obvious, for instance,
that all cells within the tissue should not divide at the same time if the internal co-
hesion needs to be maintained. Also, that cells should rearrange their position after
undergoing cell division, maybe even migrate to other parts of the tissue to accomplish
morphogenesis. Similarly, the orientation of cell division seems like a good candidate
to be controlled. Therefore, we decided to carefully investigate cell division orientation
during two important stages of zebrafish early development: gastrulation, the process
that specifies the three germ layers; and neurulation, when the central nervous system
starts to acquire its final shape.
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4.2 Oriented cell divisions vs. Stereotypical division ori-
entation
The observation that cells within a tissue divide stereotypically with certain direction
or orientation (along a forming structure or a certain axis) made the first people study-
ing this process term them ‘oriented cell divisions’ (OCDs). The phenomenon would
be, therefore, termed ‘oriented cell division’ (OCD). In this study, we have analyzed
the orientation of divisions during two developmental processes, gastrulation and neu-
rulation. Both processes show that cells orient their division planes along (or parallel
to) a certain axis (Figs. 3.5 and 3.16). However, we feel that the term OCD does not
quite reflect the process that we are observing. We think that OCD does not distin-
guish properly between the orientation of a single cell and the consistent orientation
of division that cells adopt in the context of a tissue, resulting in a stereotypical di-
vision orientation, valid for the whole tissue. Therefore, we have introduced the term
‘stereotypical division orientation’ (SDO).
Our hypotheses are based in the fact that the cells within the tissue, when orienting
their divisions along a certain axis, or structure would contribute to the morphogenesis
of said tissue. Importantly, we have analyzed the contribution of all cell divisions in
the tissue, and not that of single cells. Therefore, we think it is appropriate to rename
‘oriented cell divisions’ into ‘stereotypical division orientation’.
4.3 Novel aspects of this study
Cell divisions with stereotypical orientation (SDO) have been observed in several mor-
phogenetic processes during development, in a wide variety of organisms, ranging from
nematodes to humans. [39, 107, 26, 134, 6, 103, 33, 37]. Whether in the context of
single cells undergoing directed division towards a certain cue [37] or cells within a
growing tissue undergoing highly stereotypically oriented divisions along a certain axis
or structure [39, 6], it is clear that cells do not randomly choose to orient the direction
of their divisions. However, we do not fully understand how this direction is chosen,
neither do we have strong evidence as to what extent this SDO has a critical function
in any of the processes in which it is present.
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Initially because it was intuitive to block the process to understand its functions,
and later because the techniques available did not allow for a specific interference with
the orientation but not the occurrence, most of the experiments aimed to elucidate
these and other questions involved interfering with the occurrence of cell divisions.
We have gone beyond and have carefully assessed the role of the orientation of cell
divisions by specifically interfering with it. Making use of this approach and using
zebrafish early development as an assay system, we have found that SDO plays a key
role in neural rod midline formation, but is dispensable for body axis elongation.
Previous studies have shown that the subcellular localization of the Wnt/PCP core
component Prickle (Pk) is asymmetric in di!erent stages of zebrafish development
[22, 144]. It localizes anteriorly during late gastrulation and during neurulation in medi-
olaterally elongated cells. We have observed an even earlier asymmetric localization of
Pk in morphologically unpolarized dorsal epiblast cells at the onset of gastrulation.
4.4 Requirement of SDO for midline formation
Previous studies have suggested that the neural rod midline in zebrafish is formed by
a special type of cell divisions with stereotypical orientation, the C-divisions. These
divisions occur along the AP axis in the medial region of the neural primordium and the
resulting daughter cells will eventually end up in opposite sides of the forming midline.
[64, 26, 35]. These divisions correspond to cell cycle 16 or 17, when the embryo is
approximately 13 hours old. At this stage, cells at the edges of the neural plate are
converging towards the medial part of it, while cells at this location are ‘sinking’ to
form a neural keel, which develops into a neural rod and finally a neural tube when
it hollows. In embryos with delayed neural plate convergence, either due to a lack in
Wnt/PCP signaling [22, 116] or due to surgical separation of the neural plate [116], cells
reach cell cycle 16/17 when they are still not at the medial region of the neural plate.
This produces two bilateral midlines, instead of one medial midline, suggesting that
the localization of C-divisions within the neural primordium determines the location
where the neural rod midline(s) will form.
The studies that described C-divisions observed that their division plane was medi-
olaterally aligned [64, 26, 35]. We wanted to further analyze and characterize these
divisions and concluded that divisions in the medial region (axial domain, !40 microns
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wide) of wt embryos show SDO oriented parallel to the ML axis (Fig. 3.16). Divisions
in paraxial regions, however, do not show any preferential orientation. Furthermore,
the distribution of the number of divisions is clearly shifted to the axial domain (Fig.
3.17, n = 758 divisions in axial domain and n = 402 divisions in paraxial regions.
n = 5 embryos). This is consistent with the notion that the C-divisions happen at the
location where the midline will be formed.
We hypothesized that SDO might be required for midline formation and analyzed
embryos in which this orientation is perturbed. Both MZfz7a/b mutants and embryos
injected with an antibody against Dynein Intermediate Chain (DynIC-Ab) showed no
SDO neither in axial nor in paraxial regions of the neural primordium (Figs. 3.19 and
3.25). Moreover, the localization of cell division in both conditions di!ers from the
wt in they are more shifted towards paraxial regions of the neural plate (Fig. 3.17).
Both MZfz7a/b mutants and DynIC-Ab-injected embryos fail to form a proper midline,
suggesting that the combination of these two factors (lack of SDO and changes in the
localization of divisions) lead to this defect. However, the observation that changes in
the localization of cell divisions alone is not su"cient to a!ect midline formation per se
[116], strongly suggest that stereotypical orientation of cell divisions is a critical feature
for neural rod midline formation.
According to our results, (summarized in model fig. 4.1) SDO of neural progenitors
is critical for the formation of the midline per se, while the localization of divisions
determines the localization of the midline. It has been shown that Xenopus embryos
proceed neurulation normally in the absence of cell division [48]. Similarly, midline
formation is fairly normal in zebrafish when cell divisions are blocked [22, 116]. We
confirmed this observation (Figs. 3.22 and 3.23). Interestingly, the observation that a
rather normal midline can be formed without cell division argues for a second mecha-
nism that is acting in the background and that is probably enhanced when cell divisions
are absent.
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Figure 4.1: A model for neural rod midline formation in zebrafish - C-divisions
in a wt (A) neural plate are located mainly in the axial domain and are highly oriented
mediolaterally. Neural rod midline is formed correctly in the medial part of the neural plate.
Without cell divisions (B), a yet unknown mechanism is able to generate a fairly normal
midline. In MZfz7a/b mutants (C), SDO is impaired and cells are located everywhere
across the neural plate. No recognizable midline is formed. In DynIC-Ab-injected embryos
(D), SDO is impaired and cells are located everywhere across the neural plate. In tri
mutants (E), cells show SDO along the two ectopic midlines that are formed in more
lateral parts of the neural primordium, instead of in a medial location.
4.5 SDO and Wnt/PCP in zebrafish body axis elongation
Body axis elongation in zebrafish is controlled by CE movements, and ultimately
by Wnt/PCP, which is a major regulator of this phenomenon (reviewed in [113]).
Wnt/PCP signaling has also been shown to be responsible of the SDO of cells in the
dorsal region of zebrafish during gastrulation [39]. This study proposed a connection
between these two processes: SDO is expected to contribute to body axis elongation
by positioning daughter cells along the axis, so that each division lengthens the rank
of cells (Fig. 3.6). This would be controlled by Wnt/PCP, which, at the same time,
would regulate CE movements. Both phenomena would, in combination, lead to the
elongation of the body axis.
Here, we have carefully assessed the role of Wnt/PCP in both SDO and axis elonga-
tion during zebrafish gastrulation. We specifically interfered with SDO without a!ect-
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ing Wnt/PCP and found no major e!ect of diminished SDO in body axis elongation
(Fig. 3.15). This result clearly uncouples SDO and body axis elongation and suggests
that morphogenetic events other than the lack of SDO must explain the shortening of
the axis in zebrafish embryos with altered Wnt/PCP signaling.
One possibility is that daughter cells rearrange their relative position after division.
This would counteract the possible e!ect that SDO could have in axis elongation. We
carefully analyzed the relative position of daughter cells after divisions along the AP
axis and found that these maintain and/or increase their distance along this axis (Fig.
3.7), consistent with the notion of a contribution of SDO to said elongation. However,
the extent to which SDO can contribute to body axis elongation critically depends on
the total number of cell divisions and cell shape changes and cellular rearrangements
that accompany these divisions. At the onset of gastrulation, the cell cycle length
increases dramatically [60], making the number of cell divisions along the AP axis
simply not high enough to account for a detectable e!ect on body axis elongation. It
would be interesting to carefully analyze cell shape changes after division and follow
cell rearrangements in 3D to more carefully assess their role in body axis elongation.
Our analysis of cell division orientation in Ptges morphant embryos (Fig. 3.9),
reveals that defects in body axis elongation independent of Wnt/PCP signaling can
mildly a!ect SDO. However, given the mild e!ect on SDO seen in this embryos, it is
di"cult to rule out that they can be due to a limitation in the detection method. It
will be necessary to impair body axis elongation without a!ecting Wnt/PCP signaling
in other ways to be able to confirm or exclude this result. Unpublished results of
our laboratory show that knockdown of Integrin"1a and Integrin"1b impairs body axis
elongation and a preliminary analysis of SDO in these embryos reveal no di!erence with
the wt situation (data not shown). However, a more careful analysis will be necessary
to confirm this observation.
4.6 Wnt/PCP signaling function: regulation of CE vs.
regulation of SDO
Previous studies have shown that Wnt signaling controls cell division orientation in
various morphogenetic processes [106], and in this study we have confirmed and ex-
tended this observation. We have generated maternal and zygotic mutants for both
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Frizzled 7 receptors present in zebrafish, Fz7a and Fz7b (MZfz7a/b mutants) and these
embryos show the characteristic shortened body axis of embryos with defective CE
movements (Fig. 3.1). We have shown that signaling through the Wnt receptor Fz7
controls SDO during zebrafish gastrulation, and described a novel function of Fz7 sig-
naling in neural rod midline formation by controlling the orientation of C-divisions.
Recent studies have implicated components of the non-canonical Wnt signaling path-
way, such as Stbm/Vang, Wnt11 and Wnt5 in neural rod midline formation. These
studies propose a function of these components in neural progenitor cell polarization
[22] and cell division localization[116]. However, little attention has been paid to the
orientation of these divisions and its role in midline formation. Here we have analyzed
SDO in mutants/morphants for these components, as well as in MZfz7a/b mutants and
have found that SDO is very mildly a!ected in these embryos (Fig. 3.28), in contrast
to the situation of MZfz7a/b mutants, where SDO is disrupted (Fig. 3.19 and 3.20).
These data suggest that Fz7 functions di!erently fromWnt11, Wnt5 and Stbm/Vang
in neural rod midline formation/positioning. Whether Fz7 directly controls cell division
orientation, and whether it functions in this process by signaling through the same or
di!erent Wnt signaling pathway(s) than that used by Wnt11, Wnt5 and Stbm/Vang, is
still unclear. However, the observations presented in this thesis that MZfz7a/b mutants
can not be rescued upon over-expression of the Wnt/PCP ligand Wnt11 (Fig. 3.3 and
previous data [139] indicating that Fz7 can function as a receptor for Wnt11, suggest
that both Fz7 and Wnt11-Wnt5-Stbm/Vang function in neural rod midline formation
by signaling through the Wnt/PCP pathway. It would be of general interest for the
Wnt/PCP signaling field to further clarify the implication of these di!erent components
in the di!erent branches of the pathway, also presented in (Fig. 1.7).
4.7 Conclusions and outlook
SDO has been studied for a long time and various types of experiments have implicated
this phenomenon in several morphogenetic processes. However, many of these studies
were based on experiments where the orientation of cell divisions has been correlated
with a specific morphogenetic behavior, and/or where blocking cell divisions has led to
morphogenetic defects consistent with a critical role for SDO in this process. This thesis
goes beyond those studies by directly analyzing the function of cell division orientation,
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instead of cell divisions per se, and systematically analyzing the di!erent instructive
and/or permissive functions of SDO in body axis elongation and neural rod midline
formation during zebrafish early development.
4.7.1 Conclusions
The major findings of this thesis are:
• Signaling through Fz7 within the noncanonical Wnt/PCP pathway controls SDO
during zebrafish gastrulation and neurulation
• SDO does not account for body axis elongation during zebrafish gastrulation
• SDO of C-divisions is, however, required for neural rod midline formation during
zebrafish neurulation
Furthermore, we were able to show that cells at the dorsal epiblast of zebrafish
gastrulae are able to asymmetrically localize the Wnt/PCP core component Prickle to
the animal side of the cells at the onset of gastrulation (Fig. 3.10). This reveals that
polarization can happen prior to mediolateral elongation and opens the question as to
what is upstream of the other. We observed a loss in this asymmetric localization of
Pk in MZfz7a/b mutants (Fig. 3.10), strengthening the idea that Fz7 acts indeed in
the non-canonical Wnt pathway.
4.7.2 Outlook
Our study has clarified two aspects of early zebrafish development and has also opened
new and exciting paths that should be pursued in the next years.
Our observation that SDO does not have a role in zebrafish body axis elongation
raises the question as to what is the function of this orientation during this process.
It would be useful to explore the behavior of Wnt/PCP-defective clones of cells in a
wt environment during gastrulation, and analyze the division orientation of their cells.
Would these clones elongate less than a group of wt cells of similar size? Also, it will
be necessary to study in more detail (namely in 3D and during a longer time) the post-
mitotic rearrangements of cells during gastrulation. Can these rearrangements really
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counteract the hypothetical contribution of SDO to body axis elongation?
Although we now know more about the regulators of SDO during gastrulation, we
still need to fully understand the molecular mechanisms by which Wnt/PCP signaling
acts in orienting the mitotic spindle. What are the molecular motors downstream the
Wnt/PCP components that undertake this role? Is Prickle physically interacting with
components of the spindle, thereby contributing to more than simply polarizing the cell
prior to division? More thorough analysis of the spindle apparatus and its interaction
with Wnt/PCP components needs to be done to answer these questions.
The field of neurulation in zebrafish has been qualitatively enriched in the past few
years by elegant studies showing functions for timing and positioning of C-divisions.
Also, some of the genetic players in the process have been identified. Here we have
unraveled a novel function of SDO during neural rod midline formation. However, we
still do not understand how a midline can be formed in the complete absence of cell
division. What is the molecular mechanism that is activated when cell divisions are
missing? How is the completion of neurulation possible without cell proliferation?
These and other questions should keep Developmental Biologists occupied for the
next years, and we hope to see the development and refinement of new tools and
techniques to achieve this.
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Materials & methods
5.1 Materials
5.1.1 Technical equipment
A summary of the equipment used in the process of microinjection is listed in Table
5.1.
Tool Model/Supplier
Ball-joint-holder World Precision Instruments (WPI)
Glass capillaries Harvard GC100F-15
Magnet holder MB-B Kanetec
Micromanipulator MV-151 Narishige
Microinjectors PV820 and Pico Pump with foot pedal (WPI)
Needle puller Flaming/Brown P87 Sutter
Pipetter holders MN-151 (WPI)
Stereomicroscopes Leica MZ125, Olympus SZX12
Camera QImaging Micro Publisher 5.0 RTV
Table 5.1: Technical equipment - List of equipment used for various steps of the
microinjection process, their model number and supplier.
5.1.2 Chemicals
Only those chemicals relevant for specific experiments of this thesis and their supplier
are listed in Table 5.2. Laboratory standard chemicals are not listed here.
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Product Supplier
Aphidicolin, from Nigrospora sphaerica Sigma (A0781)
Hydroxyurea Sigma (H8627)
BM Purple Roche
Table 5.2: Chemicals - Non-standard chemicals used for specific experiments of this
thesis and their supplier.
5.1.3 Bu!ers
Standard bu!ers were prepared according to ”The Condensed Protocols of Molecular
Cloning: a laboratory manual” [97]. Specific zebrafish embryo solutions and standard
zebrafish protocols were derived from ”The Zebrafish Book”[135].
Reagent/Bu!er Composition
Agarose solution 1% low-melting-point agarose in E3 medium
Hyb+ 50% (v/v) formamide, 5x SSC, 0.1% Tween-20,
5mg/mL Torula RNA, 50µg/ml Heparin
MABT 150mM NaCl, 100mM maleic acid
PBS 1.7mM KH2PO4, 5.2mM NaH2PO4, 150mM
NaCl
PBST 0.1% Tween-20 in PBS
PBSTT 0.1% Tween-20, 0.1% TritonX-100 in PBS
PFA (4%) 4% (w/v) PFA, 81mM Na2HPO4, 19mM
NaH2PO4
SSC 300mM NaCl, 300mM Na-Citrate
SSCT 0.1% Tween-20 in SSC
Blocking bu!er 10% goat serum, 1%DMSO, 5mM NaN3 in PB-
STT
Pronase solution 2mg/mL Pronase in E2
Table 5.3: Reagents & Bu!ers - List of reagents and bu!ers and their composition.
5.1.4 Molecular and biological reagents
All restriction enzymes used in this study were purchased from New England Biolabs.
DNA and RNA ladders were purchased from MBI-Fermentas. Molecular biological kits
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were obtained from Ambion, Roche and Qiagen and used according to manufacturere’s
instructions. A summary of these and other reagents is given in Table 5.3.
Reagent/Supplier Used in
Message Machine Kit (Ambion) Synthesis of mRNA for microinjection
PCR Purification Kit (Qiagen) Purification of digestion products
DIG labeling Kit (Roche) Synthesis of in situ hybridization probes
Rhodamine-phalloidin (Invitrogen) labeling of F-actin
Histone H1-Alexa 488 conjugate (Invitrogen) Marking of cell divisions
Table 5.4: Molecular Biology reagents - Reagents and kits used for the molecular
biology experiments, their supplier and application
5.1.5 Morpholino oligonucleotides
All morpholino oligonucleotides used in this study were ordered from Gene Tools, LLC.
A list with the sequences and the injected amount can be found in Table 5.5.
Gene Morpholino sequence Amount
ptges 5’-GTTTTGTGCTCTTACCTCCTACAGC-3’ 4ng
Itg"1a 5’-TATGAAAAGTAGCTTCAGGTCCATC-3’ 4g
Itg"1b 5’-AATCAGGAGCAGCCTTACGTCCATC-3’ 4ng
stbm 5’-GTACTGCGACTCGTTATCCATGTC-3’ 2ng
wnt11 5’-GAAAGTTCCTGTATTCTGTCATGTC-3’ 2ng
Table 5.5: Morpholino oligonucleotides - List of morpholino oligonucleotides used in
this study, their sequence and the amount injected per embryo.
5.1.6 Antibodies
A summary of the antibodies used in this study is given in Table 5.6
5.1.7 Plasmids and constructs
We used several DNA constructs for the generation of in situ hybridization probes and
mRNA injection. In general, constructs for probes were based on pBluescript II SK+
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Antigen Species Dilution Supplier
Phospho Histone H3 (PHH3) rabbit 1:300 Upstate Biotech
Alexa Fluor 488-conjugated IgG goat 1:200 Molecular Probes
A-11008
Dynein Intermediate Chain 70.1 mouse injected SigmaD5167
Table 5.6: Antibodies - List of antibodies used in this study, their host species, the
dilution used and the supplier.
vector (Stratagene), while constructs for mRNA injection were based on PCS2+ vector.
A list of the plasmids used in this study is given in Table 5.7.
Plasmid Gene Source
Fz7a-pCS2+ frizzled7a Heisenberg lab, L. Rhode
Fz7b-pCS2+ frizzled7b Heisenberg lab, S. Witzel
mem-RFP-pCS2+ GPI-anchor tag Brand lab, A. Siekmann, orig-
inally in [61]
GFP-Prickle prickle Fraser lab, [22]
Par3-EGFP zf ASIP/Par3 homologue Campos-Ortega lab, [35]
Par3-mCherry zf ASIP/Par3 homologue Heisenberg lab, P. Campinho
slb/wnt11-pCS2+ slb/wnt11tx226 Heisenberg lab, [49]
ntl-pBluescript ntl Nüsslein-Volhard lab, [104]
hgg-pBluescript cathepsin L, 1b Thisse lab, [119]
dlx3-pBluescript distal-less homeobox gene 3b Westerfield lab, [4]
Table 5.7: Plasmids - List of plasmids used in this study for the synthesis of mRNA or
in situ hybridization probes, the gene of interest and the source of the plasmid.
5.2 Methods
5.2.1 Staging and maintenance of embryos
Fish maintenance and embryo collection was carried out as described [135]. Embryos
were raised at 31 "C in E3 zebrafish embryo medium or in 1x Danieau’s during and
after dechorionation. Staging was determined according to morphological criteria [63]
and/or hpf.
The following zebrafish lines were used in this study:
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• Wild-type TL (Tupfel long fin)
• H2A.F/Z:GFP [91], kindly provided by M. Brand
• emi1 [148]
• trilobite/vangl2mm209 [110]
• MZfz7a/b (described in this study, see Section 5.2.2)
All lines were kept in wt TL background.
5.2.2 Generation of fzd7a and fzd7b mutant zebrafish
Zebrafish libraries containing e"ciently mutagenized individuals were successfully screened
for point mutations in the coding sequence of fzd7a and fzd7b by re-sequencing of PCR
fragments [136]. Two di!erent zebrafish libraries that were generated in the context of
the ZF model KO project were available for screening (libraries Dresden2: 4608 indi-
viduals and hubrecht34-48: 8832 individuals; ZF-models KO project: http://www.zf-
models.org/workpackages/wp4.html). Point mutations in these libraries were chemi-
cally induced by the mutagen ENU following standard protocols ([79, 109] and pers.
communication S. Winkler). To receive the genomic sequence of the fzd7a gene the
respective cDNA sequence (NM 131139.1) was blasted against the zebrafish ensembl
database (http://www.ensembl.org/Daniorerio/index.html). The fzd7a cDNA is found
on chromosome 9 (12906910-12909637). Based on this information, the organization of
the fzd7a locus was manually annotated. fzd7b (NM170763.1) is located on chromo-
some 6 (10693900-10697774) and the predicted annotation covers the whole cDNA.
Genomic regions of interest were amplified by a nested PCR approach. Primer de-
sign was performed using a customized version of Primer3 (Rozen and Skaletzky, 2000)
that is integrated into the LIMSTILL interface (http://limstill.niob.knaw.nl/index.html,
V. Guryev and E. Cuppen, unpublished). Oligonucleotides were designed against fzd7a
(outer primer: CAAACCCGACGCCCTAC and ATGAGGTACCGATGAAGAGG, in-
ner primer:
TGTAAAACGACGGCCAGTATTACAGCCAAACCTGGTG and AGGAAACAGCTAT-
GACCATTAGATGCCAACGTAGCAAAC) and against fzd7b (outer primer: TCTA-
CAATGTTGACGCACTG and ATCAGCAAATGTGTGACCTG, inner primer:
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TGTAAAACGACGGCCAGT CTTCTGGCTGGATTTGTTTC and AGGAAACAGC-
TATGACCAT TCAGTTCACACCGTTGTTTC).
PCR conditions were 94 "C for 2min, followed by 35 cycles 94 "C for 20sec, 57 "C for
30sec, and 72 "C for 1min, and 72 "C for 3min. The second PCR product was pro-
cessed as described in [138], and sequenced with the M13Forward primer (TGTAAAAC-
GACGGCCAGT) that is linked to the inner forward PCR primer.
All liquid handling steps were performed under high-throughput conditions using
a TECAN Genesis workstation in 384-well format. Sequencing reactions as well as se-
quencing runs were performed at the sequencing facility of the Sanger Institute, Cam-
bridge, England on AB3730XL DNA analyzers. Sequencing reads were automatically
screened for point mutations with the Polyphred package version4 [84]. Primary hits
were re-sequenced in an independent approach and verified point mutations were trans-
lated to see a potential e!ect, promising mutants were propagated further and bred to
homozygocity.
5.2.3 Synthesis of mRNA for injection
Before synthesis of mRNA, DNA from the pCS2+ expression vector containing the
desired insert was linearized by digestion with the appropiate restriction enzyme for 3
hours at 37 "C. The linearized DNA was purified using a PCR purification kit (Qiagen)
according to manufacturer’s instructions. The DNA was eluted in RNAase free water,
checked for complete linearization by agarose gel electrophoresis and its concentration
determined using a UV spectrometer. Linearized plasmid DNA was then taken as a
template to synthesized mRNA in vitro using SP6 polymerase reaction. This was per-
formed using the mMessage mMachine kit (Ambion, UK), following the manufacturer’s
instructions. Both DNA and mRNA were stored at #20 "C.
5.2.4 Microinjection of morpholinos, dyes and mRNA into embryos
The microinjection needles of proper size and shape were prepared pulling glass capillar-
ies containing an internal filament with a needle puller. The needle was then placed on
a micropipette holder and mounted on a micromanipulator. This setup was connected
to a pneumatic pico pump PV820. Changes in drop size to obtain an approximate
volume of 0.5nl were achieved by regulating the pulse duration of the pressure.
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To prepare the solution for injection, morpholinos were incubated briefly at 65 "C to
dissolve precipitations, centrifuged for 5min and dissolved in 1x Danieau’s bu!er. Mor-
pholinos were injected into the yolk just below the first cell of intact embryos.
mRNA was dissolved to the appropiate concentration in DEPC H2O and injected into
the first cell of intact embryos.
0.5ng of Histone H1-Alexa488 conjugate (H13188, Invitrogen) was injected into the
yolk just below the first cell of intact embryos.
5.2.5 Dechorionation of embryos
Prior to treating the embryos with cell division inhbitors, the chorions were partially
digested using a 2mg/ml Pronase (Roche Applied Science) solution in E2 zebrafish
medium in a glass dish. After 8-10min, embryos started falling out of their chorions
and the Pronase solution was washed out using filtered E3 medium.
Prior to mounting the embryos for imaging, they were manually dechorionated using
two sharp forceps (Dumont no. 55) in a glass dish.
5.2.6 Mounting of fixed and live embryos for time-lapse microscopy
The mounting device used for microscopy was described in [17]. In brief, a glass ring
was glued onto a coverslip using silicon grease and a big drop of melted 1% LMP agarose
was placed onto it. A dechorionated embryo (alive or fixed) was carefully transferred
into the agarose and oriented with forceps. After solidification, the ring cavity was
filled with E3 medium and sealed with silicon grease and a glass slide.
5.2.7 Image acquisition and processing
Two-photon excitation time-lapse imaging
Single channel live time-lapse imaging was performed on a Bio-Rad Radiance 2000
multiphoton confocal microscope setup in combination with a Nikon TE300 inverted
microscope. We used a mode-locked, 890-900nm, infra-red laser with an average power
of 400mW originated in a Coherent Mira 900 Ti::Sapphire laser to achieve two photon
excitation of the sample. For time-lapses of gastrulating and neurulating embryos
imaging was obtained with a Nikon Sfluor 40x DIC oil-immersion objective (NA 1.3)
connected to a Bioptechs objective heater to obtain and maintain a stable temperature
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of 28 "C.
Z-stacks of TG:H2A.F/Z:GFP gastrulating embryos or embryos injected with Histone
H1-Alexa488 conjugate were generally acquired by scanning the area with 166 lines
per second and 1.5µm over a total vertical distance large enough to cover from the
enveloping cell layer to the yolk. Acquisition typically spanned from beginning of
gastrulation (6hpf) to tailbud stage (10hpf). There was no delay between consequent
time points.
Settings were similar during neurulation stages (13 to 16hpf) and the vertical distance
covered from the EVL to the notochord.
Classic confocal microscopy
Two-channel classic confocal microscopy was carried out in a Zeiss LSM 405/594nm
confocal microscope with a Zeiss Plan-Apochromat 63x oil-immersion lense (N.A 1.4).
For time-lapse imaging of cells expressing GFP-Pk and mem-RFP, a stack was selected
that covered from the enveloping cell layer to the first layer of hypoblast cells, and GFP
and RFP channels were sequentially scanned with the 488nm and 543nm laser lines re-
spectively. There was no delay between sequential time points and one typical imaging
session spanned for up to 45min per embryo, when photobleaching started to occur.
Embryos were kept alive until the following day and those which showed phototoxicity
were not used for analysis.
For imaging of rhodamine-phalloidin stained embryos, one-channel classic confocal mi-
croscopy was carried out in a Zeiss LSM 405/594nm confocal microscope with a Zeiss
Plan-Apochromat 63x oil-immersion lense (N.A 1.4). A z-stack was selected that cov-
ered from the EVL to the notochord and the RFP channel was scanned with the 543nm
laser line.
Image processing
Image analysis and processing was performed using Fiji, ImageJ and Imaris (Bitplane).
Movies acquired at the two-photon confocal microscope were processed using Imaris
(Bitplane) software and the analysis of the orientation of cell division was performed
using the Spot Function within. (See details in Section 5.2.12).
Movies of epiblast cells expressing GFP-Pk and GPI-mRFP were processed using Fiji.
Confocal sections of rhodamine-phalloidin and PHH3-stained embryos were processed
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using Fiji. Only contrast and brightness was adjusted in these images.
5.2.8 Treatment with cell division inhibitors
To inhibit cell divisions during gastrulation stages, embryos were dechorionated with
Pronase (as described in 5.2.5) at the 1-cell stage and allowed to recover until sphere
stage. Approximately 30 embryos were then carefully transferred into a glass vial
containing E3 medium with 100µM aphidicolin in DMSO and 20mM hydroxyurea.
After 30min of gentle shaking at room temperature to allow proper mixing of the
chemicals, embryos were incubated at 31 "C without shaking until tailbud sage, when
the inhibitors were removed by several washes with filtered E3 medium.
To achieve cell division inhibition at neurulation stages, embryos were dechorionated
with Pronase at shield stage and inhibitors treatment was performed from 90% epiboly
onwards.
In both cases embryos were fixed after treatment with 4% PFA for in situ hybrydization
and/or antibody staining.
5.2.9 Whole mount in situ hybridization
Embryos were fixed over night with 4% paraformaldehyde (PFA) at 4 "C, washed 3 times
5min with PBST and manually dechorionated if not already done prior to fixation. They
were then transferred into 1.5ml tubes and pre-incubated with 100µl Hyb+ solution for
3h at 65 "C, followed by hybridization over night at 65 "C with the appropiate probe
diluted in Hyb+ solution. The embryos were then washed at 65 "C for 10min each with
Hyb+/SSCT 2:1, Hyb+/SSCT 1:2, 2xSSCT and 2 times 30min in 0.2SSCT. Then,
probes were washed o! at room temperature by washing the embryos 10min each with
0.2x SSCT/MABT 2:1, 0.2xSSCT/MABT 1:2 and 1xMABT, followed by 5h incubation
with 2% DIG-blocking solution in MABT. Embryos were then incubated over night in
a 1:5000 dilution of anti-DIG antibody in 2% MABT and washed 4 times 30min with
MABT. To equilibrate the pH, 100mM Tris bu!er (pH9.5) was applied for 30min.
Embryos were then transferred to 24-well- plates, incubated with BM Purple detection
solution and kept in dark during color change. Reaction was stopped by washing 3
times 5min with PBST and the embryos were re-fixed for 30min at room temperature
with 4% PFA. After that, they were washed with PBST and pictures taken if necessary.
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Additionally, an antibody staining can be started at this point (see Section5.2.11 for
details). For long-term storage, the embryos had to be taken through serial dilutions
of increasing concentrations of glycerol in PBST (30, 50 and 70%, 1 hour each) and
stored in the dark at 4 "C.
5.2.10 Quantification of body axis elongation
Body axis elongation was quantified at tailbud stage (10hpf) by measuring the length of
the signal given by ntl expression, which marks the notochord. Embryos were stained
as described in Section 5.2.9 and pictures were taken before the serial washes with
glycerol for an easier manipulation of the embryos.
Images were acquired on a Olympus SZX12 stereomicroscope using an Olympus KL1500
LCD lamp with a ring light for even illumination, a QImaging Micro Publisher 5.0
RTV camera and QImaging software. Embryos were placed in a custom-made mold
with evenly distributed pockets which fit one embryo each. They were oriented with a
tungsten wire to make them fall on one side and make the notochord visible in all its
length. Notochord length was measured using the ‘Freehand line selection’ tool of Fiji
and each experimental condition was normalized to the wt length, which was set to 1.
The statistical test used to measure significance was the Student’s T-test and it was
performed on Excel.
5.2.11 Whole mount antibody staining
Embryos were fixed over night with 4% PFA at 4 "C, washed 3 times 10min in PBSTT
and manually dechorionated if not already done prior to fixation. Not more than 25
embryos were transferred into 0.5ml tubes and washed 2 times for 10min in PBSTT.
After 4 to 5 hours incubation in blocking bu!er, primary antibody diluted in blocking
bu!er was added and the embryos incubated over night at 4 "C. After that, embryos
were washed 4 times for 30min with PBSTT at room temperature and blocked again
for 2h with blocking bu!er. Secondary antibody was diluted in blocking bu!er and
added to the embryos for over night incubation at 4 "C. After 4 washes of 30min with
PBSTT, embryos can be stored for several days in the dark at 4 "C.
76
5.2 Methods
5.2.12 Cell division orientation analysis
Dividing cells in H2A.F/Z:GFP transgenic or Histone H1-Alexa488 injected embryos
were identified by the specific rearrangement of DNA during mitosis. Cell nuclei of
newly born cells were tracked using the Spots object of Imaris (Bitplane, Inc.). Az-
imuthal and elevation angles ($, %) of the direction in which division occurs, as defined
by the vector joining the center of marked sister cell pairs, were determined using a
custom Matlab extension to Imaris that implements 3D inner products with the unit
vectors along the main axes of the embryo (see Fig.3.4C). The angle pairs were binned
in 2D histograms (12 bins along the azimuthal direction and 12 bins along the elevation
direction) or in 1D aggregates (24 bins along the azimuthal direction and 12 bins along
the elevation direction). To compare distributions from two histograms, a chi-square
test was applied to the binned histograms.
5.2.13 Statistical analysis
Di!erences in SDO either among the same population or across conditions was calcu-
lated performing a chi-square test on the distribution of pair angles. For calculation
of combined p-values, angle pairs were binned in 28 bins along the azimuthal direction
and 12 bins along the elevation direction. For calculation of p-values along the az-
imuthal direction only, angles were binned in 8 bins. For calculation of p-values along
the elevation direction, angle were binned in 4 bins. The p-values given in Fig.6.1 of
the Appendix can only be directly compared among the same kind of experiment (i.e.
intra-population or inter-population) and on data sets with similar size and the same
binning.
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Appendix
6.1 Movie legends
Movie 1
Dorsal view of a transgenic H2A.F/Z:GFP embryo. Animal is to the top, vegetal is
to the bottom. The movie starts around shield stage (6hpf), and epiboly movement is
clearly seen, as cells proceed toward the vegetal part of the embryo. Some cell divisions
are artificially marked in yellow for better visualization. Note how these happen mostly
along the AP axis. The embryonic shield is marked with a dashed white line as it
appears in the center of the image. Towards the end of the movie, the notochord is
marked with two white dashed lines.
Movie 2
Z-section of Movie 1 at the height of the embryonic shield. Dorsal is to the right,
ventral is to the left. Animal and Vegetal is to top and bottom, respectively. Ingression
movement is shown with a white arrow. Some cell divisions are artificially marked in
yellow for better visualization.
Movie 3
Dorsal view of a MZfz7a/b mutant embryo injected with Histone-Alexa488 conjugate
to mark nuclei. Animal is to the top, vegetal is to the bottom. The movie starts around
shield stage (6hpf), and epiboly movement is clearly seen, as cells proceed toward the
vegetal part of the embryo. Some cell divisions are artificially marked in purple for
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better visualization. Note how these divisions display less SDO than the wt embryo in
Movie 1.
Movie 4
Z-section of Movie 3 at the height of the embryonic shield. Dorsal is to the right,
ventral is to the left. Animal and Vegetal is to top and bottom, respectively. Ingression
movement is shown with a white arrow. Some cell divisions are artificially marked in
purple for better visualization.
Movie 5
Dorsal view of paraxial region of a wt embryo expressing GFP-Pk in green and GPI-
anchored RFP (mem-RFP) in red. Animal is to the top and vegetal is to the bottom.
White arrowheads point at accumulations of GFP-Pk at the plasma membrane of mor-
phologically unpolarized cells. Note how they are mostly located in the anterior side of
the cells. Movie starts at about 60% epiboly.
Movie 6
Dorsal view of paraxial region of a MZfz7a/b mutant embryo expressing GFP-Pk in
green and GPI-anchored RFP (mem-RFP) in red. Animal is to the top and vegetal is
to the bottom. White arrowheads point at accumulations of GFP-Pk at the plasma
membrane of morphologically unpolarized cells. Note the decrease in number of ac-
cumulations when compared to wt (Movie 5) and the more random location of the
accumulations. Movie starts at about 60% epiboly.
Movie 7
C-Divisions are highly polarized and orthogonal to the AP and DV axes. Dorsal viwe of
the neural plate of a wt embryo at 6-somite-stage (!12.5hpf) expressing H2A:mCherry
in red and Pard3GFP in green. The white line demarcates the AP axis. The nuclei of
two sister cells resulting from one C-division are marked with green spheres.
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Movie 8
SDO of C-divisions is disrupted in MZfz7a/b embryos. Dorsal view of the neural plate
of a MZfz7a/b mutant embryo at 6-somite-stage (!12.5hpf) expressing H2A:mCherry
in red and Pard3GFP in green. The white line demarcates the AP axis. Note the lack
of normal neural rod tissue organization. Several pairs of daughter cells resulting from
C-divisions are marked with light blue spheres.
Movie 9
C-divisions can be visualized by the accumulation of Pard3GFP at the cleavage furrow.
C-division within the forming neural rod of a wt embryo expressing H2A:mCherry and
Pard3GFP in green. The red channel has been removed for better visualization of
the Pard3 protein. The white arrows point at the accumulation of Pard3GFP at an
equidistant position of both sister cells, marked with light blue spheres. This is the
presumed location of the cleavage plane. The yellow line in the first and last frame
demarcates the AP axis.
Movie 10
3D reconstruction of confocal stacks of a wt neural rod. F-actin distribution (red) in wt
embryo at the 16-somite-stage. Otic vesicles are apparent at both sides of the neural
rod. Note the straight, coherent, parallel to the AP axis, midline structure in the center
of the neural rod.
Movie 11
3D reconstruction of confocal stacks of a MZfz7a/b neural rod. F-actin distribution
(white) in a MZfz7a/b mutant embryo at the 16-somite-stage. Otic vesicles are apparent
at both sides of the neural rod. Note the disorganization of the tissue when compared
to the wt situation in Movie 10. No coherent midline structure is seen in these mutants.
6.2 Statistical tests and p-values
The statistical tests used in this thesis and how to compare p-values of the di!erent
experiments are explained in Section 5.2.13. A summary is given in Fig.6.1.
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Figure 6.1: Summary of Chi-squared tests performed in this thesis - (A) Intra-
population variability in SDO during gastrulation (6-10hpf). The number of divisions
analyzed in each individual embryo is given in the table. (B) Inter-population variability
in SDO during gastrulation. The number of pooled divisions analyzed for each condition is
given in the table. (C,D) Inter-population variability in axial (40µm wide;C), and paraxial
(D) regions of the neural primordium during neurulation (13-16hpf). The number of pooled
divisions analyzed for each condition is given in the table. (E) Variability of SDO in axial
versus paraxial regions during neurulation.
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Mustafa, and Carl-Philipp Heisenberg. Shield formation at the onset of zebrafish gastrulation.
Development (Cambridge, England), 132(6):1187–98, Mar 2005. 6
[77] Juan-Antonio Montero and Carl-Philipp Heisenberg. Gastrulation dynamics: cells move into
focus. Trends in Cell Biology, 14(11):620–7, Nov 2004. 2
[78] G Morriss-Kay and F Tuckett. Fluidity of the neural epithelium during forebrain formation
in rat embryos. J Cell Sci Suppl, 8:433–49, Jan 1987. 19, 21
[79] Mary C Mullins and C Nüsslein-Volhard. Mutational approaches to studying embryonic
pattern formation in the zebrafish. Current Opinion in Genetics & Development, 3(4):648–54, Aug
1993. 71
[80] J N Murdoch, K Doudney, C Paternotte, A J Copp, and P Stanier. Severe neural tube defects
in the loop-tail mouse result from mutation of Lpp1, a novel gene involved in floor plate
specification. Hum Mol Genet, 10(22):2593–601, Oct 2001. 17
[81] Jennifer N Murdoch, Deborah J Henderson, Kit Doudney, Carles Gaston-Massuet, Helen M
Phillips, Caroline Paternotte, Ruth Arkell, Philip Stanier, and Andrew J Copp. Disruption
of scribble (Scrb1) causes severe neural tube defects in the circletail mouse. Hum Mol Genet,
12(2):87–98, Jan 2003. 17
[82] Dina C Myers, Diane S Sepich, and Lilianna Solnica-Krezel. Convergence and extension in
vertebrate gastrulae: cell movements according to or in search of identity? Trends Genet,
18(9):447–55, Sep 2002. 6
[83] J Newport and M Kirschner. A major developmental transition in early Xenopus embryos:
II. Control of the onset of transcription. Cell, 30(3):687–96, Oct 1982. 1
[84] D A Nickerson, V O Tobe, and S L Taylor. PolyPhred: automating the detection and geno-
typing of single nucleotide substitutions using fluorescence-based resequencing. Nucleic Acids
Res, 25(14):2745–51, Jul 1997. 72
[85] C B O’Connell and Y L Wang. Mammalian spindle orientation and position respond to
changes in cell shape in a dynein-dependent fashion. Mol Biol Cell, 11(5):1765–74, May 2000. 43
[86] Isao Oishi, Hiroaki Suzuki, Nobuyuki Onishi, Ritsuko Takada, Shuichi Kani, Bisei Ohkawara,
Ikue Koshida, Kentaro Suzuki, General Yamada, Georg C Schwabe, Stefan Mundlos, Hiroshi
Shibuya, Shinji Takada, and Yasuhiro Minami. The receptor tyrosine kinase Ror2 is involved
in non-canonical Wnt5a/JNK signalling pathway. Genes Cells, 8(7):645–54, Jul 2003. 18
[87] J M Oppenheimer. Processes of Localization in Developing Fundulus. Proc Natl Acad Sci USA,
21(9):551–3, Sep 1935. 3
92
REFERENCES
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